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NATIONAL CENTRE FOR NUCLEAR RESEARCH

Abstract

Radiological characterization of low-and intermediate level (LL/IL)

radioactive waste

Patrycja DYRCZ

In the framework of maintenance, upgrades and dismantling activities of particle accelerators,
a number of activated components are removed from the accelerator complex and require ra-
diological characterization before their disposal as radioactive waste. This thesis introduces
a methodology for the radiological characterization of radioactive waste produced in the par-
ticle accelerators at the European Organization for Nuclear Research (CERN). In particular,
we focus on the characterization of Low level/Intermediate level (LL/IL) metallic waste, in

view of its disposal after melting.

The aim of the characterization is the identification of the radionuclides produced inside the
waste packages, along with the evaluation of their activity concentration. The characteri-
zation relies on extensive analytical calculations, which allow us to predict what radionu-
clides can be produced due to interactions between the incident particles and the accelerator
structures and their surroundings. The predicted radionuclides can be classified as Easy-
to-measure (ETM), Difficult-to-measure (DTM) or Impossible-to-measure (ITM). The ETM
radionuclide activity concentrations are evaluated via gamma spectrometry measurements of
the waste items, the activities of DTM radionuclides by experimental scaling factors (using
representative samples of the waste) and the activities of ITM radionuclides by analytical

scaling factors.

The radiological characterization presents several challenges. Items of waste which are can-
didates for elimination as LL/IL have dose-rate levels higher than 100 pSv/h, a radiation
level which is challenging in terms of radiation protection during the phases of handling
and measurement. In addition, these waste items often exhibit highly heterogeneous activ-
ity distributions. Hence, it can be difficult to obtain accurate results from In-Toto gamma
spectrometry, especially if the analyses are performed under the simplistic assumption that
the activity distribution is uniform. In order to overcome such difficulties, we propose a
novel Non-Destructive Assay (NDA) technique that estimates the uncertainties introduced
by this assumption. We use geometry model optimization to quantify the expected activity
concentration values to the best of our knowledge using multi-line and multi-count consis-
tency constraints. The thesis also describes the quantification of activity concentration levels

of DTM and I'TM radionuclides. The scaling factor formalism relies on an existing activity
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correlation established between the Key Nuclide (KN) and DTM radionuclides from a set
of samples representing the waste population. Therefore, the Difficult-to-measure radionu-
clides activity concentrations of a given waste item or package belonging to this population
can be evaluated using the geometric mean scaling factor value from the sample’s log normal
distribution. The entire process to establish the scaling factors for the DTM radionuclides
may be long and challenging, in order to collect a sufficient number of samples that repre-
sent the waste population. In the case of Impossible-to-measure radionuclides, we apply the

analytical Correlation factor (CF) from the analytical activation calculations.

In addition, we propose a new methodology that predicts the total beta-gamma specific ac-
tivity based on the average dose rate measurements for LL/IL. waste produced at CERN in
an operationally efficient manner for waste packages production purposes. The methodol-
ogy is validated using gamma spectroscopy techniques with a geometry model optimization

formalism.

The thesis describes the characterization methodology in full details, along with practical
examples and benchmarks. At the moment of writing, such methodology has already been
approved by French National Agency for Radioactive Waste Management (ANDRA) and it is
being applied to the first batch of LL/IL waste to be disposed of. We expect that this method-
ology can be successfully applied to radioactive waste produced in other particle accelerators
outside CERN.
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Streszczenie

Radiological characterization of low-and intermediate level (LL/IL)

radioactive waste

Patrycja DYRCZ

W ramach prac konserwacyjnych, modernizacyjnych czy tez demontazowych akceleratora
czastek, usuwane sa ré6znego rodzaju komponenty, migdzy innymi te, ktére zostaty akty-
wowane. W przypadku aktywowanych materiatéw wymagane jest przeprowadzenie charak-
terystyki radiologicznej pod katem ich eliminacji jako odpadéw promieniotworczych. W ni-
niejszej pracy przedstawiono metodologi¢ charakterystyki radiologicznej odpadéw promienio-
tworczych wytwarzanych w akceleratorach czastek w Europejskiej Organizacji Badan Jadro-
wych (CERN). W szczeg6lnosci koncentrujac si¢ na charakterystyce odpadow metalicznych

nisko i Srednio aktywnych (LL/IL) przeznaczonych do eliminacji po uprzednim ich stopieniu.

Celem charakteryzacji jest identyfikacja radionuklidéw oraz ocena stgzenia ich aktywnosci
w danych odpadach. Charakteryzacja ta opiera si¢ na szeroko zakrojonych obliczeniach
analitycznych, ktére pozwalaja przewidziec, jakie radionuklidy moga powsta¢c w wyniku
interakcji migdzy zderzajacymi si¢ czastkami a wnetrzem akceleratora, jak rowniez jego
otoczeniem. Spodziewane radionuklidy mozna sklasyfikowa¢ jako tzw. tatwo mierzalne
(Easy-to-measure, ETM), trudno mierzalne (Difficult-to-measure, DTM) oraz niemozliwe
do zmierzenia (Impossible-to-measure, ITM). Poziom aktywnoSci radionuklidow ETM oce-
nia si¢ na podstawie wykonanych pomiaréw spektrometrycznych promiemiowania gamma
danego odpadu radioaktywnego. W przypadku radionuklidéw DTM, ich poziom aktywnoSci
szacuje si¢ za pomoca doSwiadczalnej techniki tzw. "scaling factor". Natomiast, poziom
aktywnosci ITM radionuklidéw jest oceniany za pomoca analitycznych wspétczynnikéw

skalowania "scaling factor".

Charakterystyka radiologiczna niesie za soba wiele wyzwan. Odpady, ktére kwalifikuja si¢
do eliminacji jako LL/IL charakteryzuja si¢ poziomem mocy dawki przewyzszajacym 100
uSv/h. Taki poziom promieniowania stanowi wyzwanie dla ochrony radiologicznej w trak-
cie postgpowania z odpadami, np. podczas wykonywania pomiaréw. Ponadto, odpady te
cechuja si¢ niejednorodnym rozktadem aktywnosci. W zwiazku z tym uzyskanie doktad-
nych wynikéw z In-Toto spektrometrii promieniowania gamma moze by¢ trudne, zwlaszcza
jesli analizy sa przeprowadzane przy zalozeniu, ze rozklad aktywnosci jest jednorodny. Aby
przezwycigzy¢ takie trudnosSci, proponujemy nowatorska technike, polegajaca na nieniszcza-

cym oznaczeniu zawartoSci aktywosci radionuklidu (Non-Destructive Assay, NDA). Zadaniem
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tej techniki jest oszacowanie niepewnosci wynikajacych z zatozenia o jedorodnym rozktadzie
aktywnoSci w odpadach. Technika ta wykorzystuje optymalizacj¢ modelu geometrycznego,
tak aby okresli¢ iloSciowo oczekiwane wartoSci stgzenia aktywnosci zgodnie z dostgpnymi
informacjami na temat danego odpadu, polegajac na spojnosci emisji wielu promieni gamma
(multi-line) oraz pomiaréw wykonanych wielokrotnie (multi-count). W pracy przedstawiono
rowniez sposéb okreslnia iloSciowego stezenia aktywnosci radionuklidéow DTM oraz ITM.
Formalizm "scaling factor" zaklada, ze istnieje korelacja aktywnosci migdzy gléwnym emite-
rem gamma (Key Nuclide, KN) a trudno mierzalnym (DTM) bazujac na zebranych prébkach,
ktére reprezentuja populacje odpadéw. Zatem poziom aktywnosci radionuklidéw DTM dane-
go odpadu nalezacego do populacji mozna oszacowaé za pomoca wartosci "scaling fac-
tor", a doktadniej Sredniej geometrycznej rozktadu logarytmicznie normalnego. Proces wyz-
naczenia "scaling factors" dla radionuklidéw DTM moze by¢ dtugi i trudny, ze wzgledu
na konieczno$¢ zebrania wystarczajacej liczby prébek reprezentujacych populacje odpadéw
LL/IL. W przypadku radionuklidéw niemozliwych do zmierzenia (ITM) stosuje si¢ wspéiczyn-
nik analitycznej korelacji (Correlation factor, CF) uzyskanej dzigki obliczeniom anality-

cznym przeprowadzonych dla aktywacji radioizotopow w zespole akceleratoréw czastek.

Ponadto w tej dysertacji przedstawiono nowa metodyke, ktéra ma stuzy¢ oszacowaniu catkowi-
tej aktywnos¢ wlasciwej beta-gamma emitréw w oparciu o uSrednione pomiary mocy dawki
dla odpadéw LL/IL wytwarzanych w CERN w sposéb sprawny operacyjnie w trakcie for-
mowania opakowan odpadowych. Metodologia ta jest weryfikowana za pomoca technik

spektroskopii gamma z formalizmem optymalizacji modelu geometrycznego.

Praca ta opisuje szczegétowo metodologi¢ charakteryzacji, wraz z praktycznymi przyktadami
oraz analizami poréwnawczymi. W trakcie realizowania niniejszej pracy, opisana powyzej
metodologia zostata zatwierdzona przez Krajowa Agencje Gospodarki Odpadami Promienio-
tworczymi (French National Agency for Radioactive Waste Management, ANDRA). Przed-
stawiong metodologi¢ zastosowano dla pierwszej partii odpadéw LL/IL przeznaczonych do
eliminacji. Dodatkowo, uwaza sig¢, ze t¢ metodologi¢ mozna z powodzeniem zastosowac do

odpadéw promieniotworczych wytwarzanych w innych akceleratorach czastek poza CERN.
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Introduction

The operation of high-energy particle accelerators like the ones at the European Organization
for Nuclear Research (CERN) leads to the unavoidable production of radioactive materials. The
production of radioactive waste is caused by the interaction of particles with matter, which can
induce radioactivity in the accelerator components.

If the activated material cannot be reused or recycled, it needs to be disposed of in dedicated
final repositories. The radioactive waste produced at CERN is disposed of in France or Switzer-
land in accordance with the existing elimination pathways following the tripartite agreement
between CERN, France and Switzerland (Host States). Prior to the disposal of radioactive
waste, one needs to perform the radiological characterization in order to verify the waste ac-
ceptability in the final repositories. The radiological characterization process consists of a series
of radiation measurements, complemented by analytical calculations, which determine the ra-
dionuclide inventory and quantify the radionuclide activities and radiotoxicity inside the waste
item (or package).

The objective of this thesis is the development of a new characterization process for Low
level/Intermediate level (LL/IL) waste produced at CERN in view of its elimination at the
French national repository managed by the French National Agency for Radioactive Waste
Management (ANDRA!). In particular, we focus on the radiological characterization of metallic
waste from particle accelerators for disposal after melting. Melting of metallic radioactive waste
offers a number of advantages: volume reduction, immobilization of contamination (if present)
and radioactivity homogenization. The radiological characterization of the melted waste is rel-
atively simple, as it can be based on sampling techniques. One sample collected during melting
is then representative of the entire batch of metal being melted. However, prior to the melting
process (shipping to the melting facility), the radiological characterization that is performed at
CERN on the primary metallic waste is associated with a number of challenges.

The major outcome of the present work is the development of a radiological characterization
methodology of LL/IL waste produced at CERN. As part of this, we need to address several
challenges. One is the radiological characterization of massive metallic waste, that includes
items >1 ton. These massive items may exhibit self-absorption and heterogeneous activity con-

centrations within the waste, which requires developing an In-Toto gamma spectrometry with

I Agence Nationale pour la gestion des Déchets RAdioactif
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2 INTRODUCTION

multiple counts. The dose rate level above 100 uSv/h at contact is also challenging for radia-
tion protection aspects when handling and processing the waste. The high dose rate levels also
present difficulties for the design of the counting geometry, which minimises the dead time dur-
ing the acquisition in order to meet the Minimum Detectable Activity (MDA) requirements. The
determination of the geometry modelling parameters in the spectrometry analysis can be diffi-
cult, because they are not well known and certain geometries are complex to model. The waste
may have a heterogeneous activity distribution due to activation mechanisms, self-attenuation
or density variation. In addition, our objective is to establish a simple, operational and standard
methodology. At the same time, we need to quantify the uncertainties associated with the pro-
posed approach. We also need to validate the analytical scaling factors for LL/IL waste, that
result from hundreds of activation scenarios that consist of a wide range of irradiation, cooling
times and beam energies. The sampling process can be long and challenging, in order to collect
representative samples from the waste population. Within this thesis, we have to check whether
the scaling factors for Very low level (VLL) are comparable with the LL/IL values, knowing
we currently collected a limited number of samples from the LL/IL waste. Additionally, the ac-
tivity distribution heterogeneity of the waste adds another level of challenges for the sampling
process.

This thesis consists of six chapters. Chapter 1 describes the mechanisms that lead to the pro-
duction of activated material in CERN’s accelerator complex. In particular, the mathematical
principle of induced radioactivity is introduced.

Chapter 2 gives a general overview of the characterization process steps that are in accordance
with the International Atomic Energy Agency (IAEA) guidelines. The chapter ends with a de-
scription of the classes of waste currently treated at CERN, with emphasis on LL/IL radioactive
waste.

Chapter 3 describes the concepts needed to estimate the radionuclide inventory, quantify their
activities and test their correlation. In this Chapter, we present the dedicated methods that are
based on both the analytical calculations and experimental data. In particular, the radionuclide
inventory is established based on extensive Monte Carlo and analytical calculations. According
to the IAEA, the radionuclide within the radionuclide inventory can be classified as Easy-to-
measure (ETM), Difficult-to-measure (DTM) and Impossible-to-measure (ITM). Evaluation of
gamma emitter activities via gamma spectrometry is an essential step in the characterization of
LL/IL waste. The gamma spectrometry measurements are dedicated to quantifying the activity
of gamma emitting (ETM) radionuclides. In order to estimate the activity of DTM radionu-
clides, first destructive techniques are applied on the collected samples from the waste popu-
lation. Then, one applies the Scaling factor (SF) method relying on the correlation between
radionuclide activity values, namely the correlation between DTM radionuclides and the dom-
inant ETM (referred to as Key Nuclide, KN). The experimental SF for DTM radionuclides is
based on the statistical analysis of over several hundred samples of radioactive waste at CERN.

For ITM radionuclides with activity levels that are systematically below the detection threshold,
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or for which it was not possible to establish an experimental correlation with their respective
KN, the SF is calculated analytically. At the end of this Chapter, the radiological characteriza-
tion process developed at CERN for LL/IL waste is described.

Chapter 4 provides an overview of the gamma spectrometry measurement qualification in order
to estimate the ETM radionuclide activities. Due to waste geometry and heterogeneous activity
distribution, we introduce a novel Non-destructive Assay technique that investigates the un-
certainties of the measured activities. In particular, one gives the results that are based on the
Figure of Merit (FOM) that rely on the multi-count and multi-line activity consistencies.
Finally, Chapter 5 presents the predicted radionuclide inventory and the corresponding SFs
needed to estimate the activity of DTM and I'TM radionuclides in the primary metallic waste
prior to its elimination. The first part provides the experimental validation of ETM radionu-
clides, given by the In-Toto gamma spectrometry measurements. Subsequently, the validation
of the experimental and analytical SFs for DTM and I'TM radionuclides is provided respectively.
We also show the statistical analysis needed to investigate the distribution of the SFs for pairs of
DTM and KN radionuclides. The end of this Chapter demonstrates the application of the devel-
oped radiological characterization within this thesis, giving several examples of waste packages
prepared for the elimination via melting. It summarizes the estimation of the total beta-gamma
activities in the waste package with associated uncertainties. In addition, the qualification of
the gamma spectroscopy results are presented in order quantify the impact of assuming uniform
activity distribution of the gamma emitters within the waste.

The last Chapter presents the main stages of the design and implementation of the character-
ization process, in order to radiologically characterize the LL/IL metallic waste produced at
CERN.
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Chapter 1

The production of radioactive waste at
CERN

The European Organization for Nuclear Research (CERN) is a laboratory where "scientists are
probing the fundamental structure of the universe". The organization was founded in 1954
and located on the border between Switzerland and France. Currently, CERN has 23 members
states. Within the mandate of the organization is the study of the basic constituents of matter,the
fundamental particles. For the last 60 years, researchers have been studying the properties of
particles by colliding them and then observe their interactions. The generation of radiation is
unavoidable when particles collide in high energy particle accelerators like the Large Hadron
Collider (LHC). The present thesis focuses on the study of the CERN accelerator complex in
terms of the interaction of particles with matter that induces radioactivity in the accelerator
structure and its surroundings, thereby producing radioactive waste.

Section 1.1 describes the CERN’s accelerator complex. The concept of beam dynamics and
loss mechanisms are explained with the typical spectra encountered in CERN’s accelerators in

Sections 1.2 and 1.3. The general activation formula is given in Section 1.4.
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6 CHAPTER 1. THE PRODUCTION OF RADIOACTIVE WASTE AT CERN

1.1 CERN’s accelerator complex

CERN’s accelerator complex consists of a large number of powerful machines that accelerate
particles. The largest accelerator is the Large Hadron Collider (LHC), which started up in 2008.
At present the LHC accelerates particles up to 6.5 TeV per beam.

The task of CERN’s accelerator chain is to accelerate particles to increasingly higher energies.
Each accelerator in the sequence boosts the energy of a beam of dedicated particles, then injects
the beam into the next accelerator in the chain. During the operation of the accelerators, parti-
cles interacting with matter might lead to the activation of the machine components. Induced
radioactivity is caused by direct interactions of the primary beam (or of a shower of secondary
particles) with matter. The induced radioactivity depends on the type of accelerator and its
irradiation conditions including location of the beam losses, irradiation and cooling times [87].
Table 1.1 shows the main parameters for CERN’s accelerators: the nominal kinetic energy for

protons beams, accelerator’s length and start-up date [30].

Table 1.1: The accelerator machines at CERN.

Accelerator Energy/Momentum Length Commissioned

Linac 2 50 MeV 30 m 1978
Linac 4 160 MeV 86 m 2016
PS Booster 1.4 GeV 157 m 1972
PS 25 GeV/c 628 m 1959
SPS 450 GeV/c 7 km 1976
LHC 7 TeV 27 km 2008

0 Figure 1.1% presents a schematic view of the accelerator complex at CERN. It shows the facil-

31

ities at CERN with the type of accelerated particles, the circumference of each accelerator, as

32 well as running experiments.

2©2016-2020 CERN, https://cds.cern.ch/record/2197559, 7 January 2020.



CMS

LHC North Are'a",f‘" !
2008 (27 km) G|F++
~“CENF
ALICE 0
T140
SPS
- [ 1976 (7 km) |
10
HiRadMat AN ATLAS
TT66
AD ELENA
ISOLDE
" BOOSTER

m 1972 (157 m)
RIBs
p -

LHCb

T4

AWAKE

REX/HIE

East v
g [ IRRAD/CHARM
PS ! [ 2015 |
n q 1959 (628 m)
LINAC 2 CTF3
> N 2008 |
lons _
» p (protons, ) ions ) RIBs (Radioactive lon Beams) ) n (neutrons) ) P (antiprotons) ) e (electrons)

LHC Large Hadron Collider  SPS Super Proton Synchrotron  PS Proton Synchrotron ~ AD Antiproton Decelerator

CTF3 Clic Test Facility

AWAKE Advanced WAKefield Experiment ISOLDE Isotope Separator OnLine  REX/HIE Radioactive EXperiment/High Intensity and Energy ISOLDE

LEIR Low Energy lon Ring  LINAC LINear ACcelerator n-ToF Neutrons Time Of Flight ~HiRadMat High-Radiation to Materials

CHARM Cern High energy AcceleRator Mixed field facility IRRAD proton IRRADiation facility ~ GIF++ Gamma Irradiation Facility

CENF CErn Neutrino platForm

Figure 1.1: The CERN accelerator complex [97].

1

XHTdNOD JOLVIATAOOV S NIHO



33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

8 CHAPTER 1. THE PRODUCTION OF RADIOACTIVE WASTE AT CERN

The accelerating process starts with linear accelerators: protons are accelerated in Linac2,
Linac4 and heavy ions in Linac3.

Linac2

Linear accelerator (Linac2), the first accelerator in the chain, which accelerates protons up to 50
MeV. Hydrogen gas is injected into one end of Linac2. Proton sources are obtained by applying
an electric field. Due to the stripping of electrons from hydrogen atoms, only protons enter into
the accelerator. Protons pass through the 30 m of the Linac2, and gain 5 % in mass. Linac2 was
replaced by Linac4 after 40 years of service in 2018.

Linac3

The purpose of the Linac3 is to accelerate heavy ions, such as lead (Linac3 uses ~500 miligrams
of lead during a two week operation time). This accelerator was started in 1994. Currently, the
Linac3 provides lead ions to the Low Energy Ion Ring (LEIR), which prepares them for entering
into the Proton Synchrotron, Super Proton Synchrotron, and finally the LHC. Linac3 is expected
to be in use until at least 2022.

Linac4

Linear accelerator 4 (Linac4) is 86 m long and is located 12 m underground. Linac4 is a key
element in the High-Luminosity LHC (HL-LHC) project to increase the luminosity of the LHC
during the following decades. The new design allows the boosting of negative hydrogen ions
H ™ to higher energies (160 MeV). The aim of Linac4 is to accelerate particles entering into the
Proton Synchrotron Booster. The process in this accelerator is divided into four steps: first ac-
celeration using radio-frequency quadrupoles up to 3 MeV, then to 50 MeV by drift tube linacs.
Next by coupled-cavity drift tube linacs to reach the energy of 100 MeV, and finally to 160 MeV
using the Pi-mode structure. During injection from Linac4 into the Proton Synchrotron Booster
(PS Booster) the ions are stripped from their electrons, leaving only protons. An advantage of
the machine is the reduction of beam losses at injection. A section of Linac4 is shown in Figure
1.23.

3© 2020 CERN, https://home.cern/news/news/accelerators/linac-4-reached-its-energy-goal, 7 January 2020.
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Figure 1.2: The linear accelerator (Linac 4) [30].

Proton Synchrotron Booster, PS Booster

The PS Booster is a machine in the accelerator’s chain made up of four superimposed syn-
chrotron rings, which accelerate protons up to the energy 1.4 GeV.

Proton Synchrotron, PS

The Proton Synchrotron (PS), with a circumference of 628 m, is able to accelerate both protons
and heavy ions. The PS operates up to 25 GeV and then delivers the protons to the Super Proton
Synchrotron, the second largest accelerator in the CERN’s complex. Figure 1.3* presents the

section of PS machine.

Figure 1.3: View of the PS [30].

4©2012-2020 CERN, https://cds.cern.ch/record/1997189, 7 January 2020.



67

68

69

70

7

72

73

74

75

76

77

78

79

80

81

82

83

84

85

86

87

88

89

920

91

92

93

94

95

96

97

10 CHAPTER 1. THE PRODUCTION OF RADIOACTIVE WASTE AT CERN

Super Proton Synchrotron, SPS

This accelerator consists of 1317 electromagnets kept at room temperature, including 744
dipoles to bend the beams around the ring. It is 7 km long. The particles entering from the
Proton Synchrotron into the Super Proton Synchrotron (SPS) reach energies up to 450 GeV.
The SPS provides beam to LHC and the NA61/SHINE, NA62 and the COMPASS experiments.
Additionally, the accelerator is able to handle many different types of particles including sulphur
and oxygen nuclei, electrons, positrons, protons and antiprotons [30].

Large Hadron Collider, LHC

The most important parameters for physicists are the beam energy and the number of interesting
collisions processes, whose probability varies with collision energy. The Large Hadron Collider
is the last element in CERN’s accelerator chain. In the LHC, under nominal operating condi-
tions, each proton beam has 2808 bunches, with each bunch containing about 10! protons. The
LHC has a circumference of 27 km, located at depth of 100 m, on the border of Switzerland
and France. The LHC is the most powerful accelerator ever built, and its design energy per
beam is 7 TeV for protons. For lead ions, which have many protons, the maximum collision
energy 1150 TeV. The particles are transferred from SPS to the LHC both in a clockwise and an
anticlockwise direction. A beam might circulate for more than 10 hours, travelling more than
10 billion kilometres [7].

There are seven experiments installed at the LHC:
1. A Large Ion Collider Experiment (ALICE);
2. A Toroidal LHC ApparatuS (ATLAS);
3. Compact Muon Solenoid (CMS);
4. Large Hadron Collider beauty experiment (LHCb);
5. Large Hadron Collider forward experiment (LHCf);
6. TOTal Elastic and diffractive cross section Measurement experiment (TOTEM);
7. Monopole and Exotics Detector at the LHC (MoEDAL).

The HL-LHC project was announced in 2013. The purpose of HL-LHC is to increase luminosity
(which is an important indicator of the performance of an accelerator) by a factor of 10. Higher
luminosity allows us to gather more data to observe rare events [3].

The CERN'’s accelerator complex also includes the Antiproton decelerator (AD), the Neutron
Time-of-Flight (n—TOF ) and the Isotope mass Separator On-Line facility (ISOLDE).
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Antiproton decelerator, AD

The antiproton decelerator was installed in 2000 and provides low-energy antiprotons for studies
on antimatter. The protons come from the PS and they are decelerated into a block of metal,
generating antiprotons. The objective of the AD is to tame antiprotons with different energies,
moving randomly in all directions and turn them into a low-energy beam that can be used to
produce antimatter.

Neutron facility, n-TOF

The neutron time-of-flight facility was commissioned in 2001. To produce neutrons, a pulsed
beam of protons with a momentum of 20 GeV/c from the PS hits a lead spallation target. Every
proton yields about 300 neutrons. The n—TOF is a pulsed neutron source coupled to a 200 m
flight path designed to study neutron-nucleus interactions for neutron kinetic energies ranging
from a few meV to several GeV.

The Isotope mass separator on line device, ISOLDE

The aim of the ISOLDE facility is to produce a large variety of radioactive ion beams for many
different experiments in the fields of nuclear and atomic physics, studying the vast territory of
atomic nuclei, including the most exotic species [5]. The proton sources is delivered into the
ISOLDE by the PS Booster.
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12 CHAPTER 1. THE PRODUCTION OF RADIOACTIVE WASTE AT CERN

1.2 Beam dynamics and beam losses

In this section, the layout and principles of a synchrotron are described, as an example of a
typical accelerator. We will use this example to introduce the concepts of beam dynamics and
eventually beam losses.

A particle passes through a circular storage ring periodically with high frequency. To keep
the particle focused and in a designed, fixed orbit, we have to assemble focusing and bending
magnets (dipoles and quadrupoles) [118].

The objective of the accelerating cavities is to increase the particle momentum by using an
electric field whose orientation switches in phase with the position of the particle.

As shown in Figurel.4, in a synchrotron, the beam is generally forwarded to the experimental
hutch.

Entering the beam from
pre-accelerator e.g. Linac2

Accelerating cavity

Beam is sent to
/ experimental
hutch

Storage ring.
The track where charged
particles passing through

Figure 1.4: Example of a synchrotron layout with a pre-accelerator, a circular storage ring
(including accelerator cavities) and an extraction line to an experimental hutch [79].

1.2.1 Beam dynamics

Theoretically, all particles in an accelerator are expected to move on the designed orbit. Bending
magnets provide a magnetic field which steers particles along the circular orbit. However,
magnets are not perfect, and most particles will have lateral momentum, which can lead to
deviation of particles trajectories from the ideal orbit. Figure 1.5 shows the ideal circular orbit

(continuous line) and real particle trajectory (dotted line) with its transverse coordinates x and

y.
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P

Figure 1.5: Designed orbit (blue line) and real particle trajectory (black dots) with coordinates
x and y used in particle beam dynamics; the longitudinal coordinate s moves around the accel-
erator with the particle considered. [79].

To keep the particles close to the design orbit we have to assemble magnets, which generate a
magnetic field. Taking into account the influence of the properties of those magnets, we can

describe the equation of motion of a particle by the differential equation given in (1.1) [79][69].
"+ Kz =0. (1.1)

The restoring constant K varies around the accelerator and depends on the longitudinal displace-
ment s. K(s) with the lattice period L (where L can be the circumference of the accelerator) will
be a periodic function, that is K(s+L)=K(s). Therefore we need to solve the Hill’s equation for

K, varying as a function of s (see Equation 1.2).

d*z
ot K(s)x(s) =0 (1.2)

The general solutions of Equation 1.2 are shown in Equations 1.3 and 1.4. [120]

x =~/ P(s)ecos[p(s) + do| (1.3)

r_ ﬁ’(S) LCOS s _ Lsin )
T —[ 9 ]M [p(s) + o] ) [6(s) + ¢o] (1.4)

In Equations 1.3 and 1.4, ¢(s) is the phase of the oscillation, € describes the space occupied by

the particle in the transverse phase space, 5(s) modulates the transverse size of the beam and ¢

represents an integration constant determined by initial conditions.
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The trajectory of the particle in phase space turn after turn is an ellipse, as shown in Figure 1.6
B'(s)

where the orientation and the shape is defined by the 3(s) function and its derivative o = 5

where the area covered is constant °.

/f,,/
.

Figure 1.6: The phase space ellipse of particle motion in the x-x’ plane [79] [69].

3 In accelerator physics the area of the ellipse is given by A= - € [121]
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1.2.2 Beam losses

There are many different mechanisms causing beam losses in accelerators, such as for example,
beam-residual gas interactions or beam instability [66][101]. Regular beam losses can lead to
scattering of protons with protons from the same bunch, as well as with residual gas molecules
(H,, CO, Hy0 etc.), which might be present in the beam pipe of an accelerator. There are

several possibilities for scattering on residual gas molecules including [84]:
1. Coulomb scattering;
2. Multiple Coulomb scattering;
3. Elastic and inelastic scattering.

Particles perform oscillations around the defined synchronous particle, which always has the
same desired phase ¢, and the nominal energy E,. Usually, the bunch of particles fill a part
of the bucket area, which is the region of stable motion. To avoid beam losses, the particle
distribution needs to fit into the bucket. Figure 1.7 shows that the bucket area shrinks when the

beam begins to accelerate.

" y
4 p
NN stable region
/. stableiregion
" '. VAN ¢ ¢ \ =¢
\ 4 I \ B /
unstable region |
unstable region separatrix Separatrix
(a) without acceleration. (b) with acceleration.

Figure 1.7: The separatrix separates the phase stable region from the region where particles
follow unstable trajectories. The pictures display the phase space for synchrotron oscillation
with and without acceleration [111].

The bucket area is called RF acceptance and it is measured in electronvolts. The RF accep-
tance depends on the ¢, reaching the maximum at ¢,= 0 or ¢,=7 (the beam is not accelerated).
Higher RF acceptance can be accomplished by increasing RF voltage. In the particle bunch
transfer (bucket-to-bucket) from one accelerator to another some discrepancies can appear in
phase if particle beam arrives with smaller momentum. In case of too small RF acceptance,
some of the transferred particles will not be accelerated further. As a consequence, those parti-
cles will be lost [79].
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Based on the design energy limits in CERN’s accelerator complex and power limits, the particle
loss per machine is shown in Table 1.2 [121] that is approximately inversely proportional to the

machine’s energy beam.

Table 1.2: Estimated particle losses in CERN’s machines for the design power loss of 1 W/m.
[121].

Accelerator  Energy/Momentum  Particle loss (s—1)

Linac4 160 MeV ~3.9-1010
PS Booster 1.4 GeV ~4.5-10°
PS 14 GeV/c ~ 4.5-108
SPS 450 GeV/c ~ 1.6-107
LHC 7 TeV ~89-10°

The Beam Loss Monitoring (BLM) system is one of the essential elements for the protection
of LHC accelerator complex at CERN. The purpose of BLM is the prevention of damage to
magnets; in addition, the system helps in the identification of loss mechanisms by measuring
the beam loss pattern. Detectors are assembled along the accelerators. For instance, Figure 1.8°
presents the layout of BLM detectors in the SPS facility.

LAYOUT OF BLM SPS SYSTEM
477 1IC 18 VME chassis
T

SPL 2

- T6
SPL 1

LHC

HCA442

AB/BU/PM

Ferioli
147712008

Figure 1.8: SPS, Beam Loss Monitoring (BLM) detectors layout.

% SPS beam loss monitoring layout, https://ab-div-bdi-bl-blm.web.cern.ch/ab-div-bdi
-bl-blm/CPS_SPS_BEAM LOSS/BLM_SPSLAYOUT.pdf, 7 January 2020.


https://ab-div-bdi-bl-blm.web.cern.ch/ab-div-bdi-bl-blm/CPS_SPS_BEAM_LOSS/BLM_SPSLAYOUT.pdf
https://ab-div-bdi-bl-blm.web.cern.ch/ab-div-bdi-bl-blm/CPS_SPS_BEAM_LOSS/BLM_SPSLAYOUT.pdf
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Beam losses in the SPS are measured using ionization chambers filled with nitrogen gas at room
temperature. Lost particles pass through a gas, and gas is ionized thereby producing ion electron

pairs. The current generated in the electrodes is proportional to the number of lost particles [77].
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1.3 Particle spectra

CERN’s accelerators are heterogeneous in terms of type and energy of particles that they ac-
celerate or store for collision. Therefore, they are characterized by a wide range of different
radiation fields, that can induce radioactivity in the components of the machines.

This section describes electromagnetic and hadron showers, which are the physical processes
behind the generation of a radiation field in a high-energy particle accelerator. Primary particles
can lose their energy by ionizing the material (accelerator components) or induce new nuclear
reactions resulting in the production of secondary particles. Electromagnetic showers are cre-
ated by electrons, positrons and photons. For electrons and positrons the dominant process
at high energies is bremsstrahlung and for photons the dominant process is pair production.
Electrons and positrons lose energy when traversing a material. They are decelerated when
deflected in the nuclear electric field of atomic nuclei, as a consequence photons are emitted.
[119][86][100]

Hadron showers consist of inelastic interactions (strong interactions) of protons, neutrons and
heavy ions and the material, producing secondary hadrons. The secondary hadrons interact in-
elastically to produce a further hadron generation and so forth. When the energy of the primary
beam exceeds the pion’ production threshold (which is around 290 MeV) in nucleon-nucleon
interactions, the production of mesons starts to be significant. Mesons decay into photons,
electrons and positrons leading to an increase of electromagnetic fraction [58]. A schematic

depiction of an hadron shower is shown in Figure 1.9.

heavy nucleus

incident hadron

-

ionization jonization

Figure 1.9: Example of hadronic interactions. Components of the nucleus have enough energy
to interact with each other and produce, for instance, pions. Particles escaping from the nucleus
can interact with another nucleus. The energy carried by hadrons is deposited into electromag-
netic (e™,e”, v, m) and non-electromagnetic (n, p, 7+, 7~) components [83].

7 Pions are the lightest hadrons. They are produced with a high concentration in nuclear collisions. Charged
pions are unstable, however, they typically re-interact in a material before decaying due to their sufficient mean
range. On the other side, neutral pions with a much shorter life-time and range mostly decay into a -y pair [85]
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1.3. PARTICLE SPECTRA 19

A significant fraction of particles in the hadronic shower are neutrons. The neutrons lose their
energy in collision with the material. As a result, neutrons can decay (happens rarely) or get
captured by an atomic nucleus, and then gamma rays are emitted [119].

The FLUKA Monte Carlo code [41][39][59] enables the calculation of any particle spectra for
a specific area as well as associated beam losses. Studies presented in [47] have shown that for
radiological characterization aspects it is not necessary to provide a vast number of spectra. It
is more efficient to group them in terms of similar activation mechanism, for a relative number
of neutrons, protons and pions (positive and negative) per cm? in a function of energy.
ActiWiz [1] is a software that allows the estimation of the radiological inventory for a given
radiation environment at CERN. ActiWiz includes simplified activation scenarios depending on
the following parameters: energy, localization, material composition, irradiation and cooling
time. To assess the activity and radionuclide production ActiWiz uses spectra calculated using
the FLUKA Monte Carlo code (a detailed description of ActiWiz is in Section 3.2.2).

As an example, Figures 1.10 and 1.11 show two particle fluence spectra. Proton and pions

distribution are very similar in shape and absolute value [115].
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Figure 1.10: Actiwiz. Particle spectra for 400 GeV/c proton beam impacting on an iron cylinder
and for a position close to the tunnel wall . (Plots courtesy of H. Vincke and C. Theis, CERN).
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Inner target detector
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Figure 1.11: Actiwiz. Particle spectra, for 7 TeV/c proton beam impacting on an iron cylinder
and for a position at the beam impact point. (Plots courtesy of H. Vincke and C. Theis, CERN).
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1.4 Induced radioactivity

This section describes the production of induced radioactivity in particle accelerators. When
incident particles with a given flux® interact with the nuclei of an accelerator component, neu-
trons, protons and other nuclear fragments may be emitted. These interactions can lead to
converting the struck nucleus to that of a different, radioactive or stable isotope. The probabil-
ity of producing a particular isotope depends on the composition of the material and the type
and energy of the incident particle [110]. Nuclear interactions are characterized quantitatively
by a cross-section, 0. The cross-section represents the probability of the interaction between a

nucleus and a particle’s flux and is defined by Equation 1.5 [35]

N
= 1.5
g iNT$7 ( )

where o is a cross-section in square centimetre (¢m?), N is the number of interactions in the
whole material occurring per unit time (s~ 1), 7 is total particle current in (s~1), Ny is the number
of atoms per cubic centimetre of the material (cm~3), x is a material thickness in cm.

If the cross-sections are known, it is possible to determine the activity per gram as a function of
the flux ® received. Assuming that the accelerator’s components have been exposed to a flux ¢

during an irradiation time ¢; , then the number of radioactive atoms v created per gram is °

N ti
no(t) = DA grp / expl=A(t; — 7)]dr
Ar " Jo (1.6)
— 00 L~ eaploan)
- ATUT,U)\ ETP 2])

where N4 is Avogadro’s number and A7 is atomic mass of the material.
The cooling time, t. is the time which has elapsed since the end of the exposure. Therefore 7,

will have decreased as shown in Equation 1.7

Ny 1
ny(ti, te) = @A—iaﬂ,xa — exp|—At:))exp[—Atd). (1.7)

8 Flux @ is defined as a number of particles incident component with a surface cm? in unit time sec.
9 We consider particular cross-section ot ,, where particle flux strike a material T, v describe the produced
isotope.
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The time behaviour of the activation process during irradiation time and the subsequent cooling

time after the end of the exposure is presented in Figure 1.12.

n,(t) N,

L t+t, t

Figure 1.12: Time dependence of the activation and the decay of a radionuclide. Adapted from
[29]

To obtain the activity, that is the instantaneous disintegration rate of an isotope, we differentiate
the amount of n,, with respect to ¢. and change the sign. The formula is the so-called "activation
formula":

_ Cf;: _ @Z—;mu _ eap[- M) emp[-M.]. (1.8)

The total specific activity A in Bg/g of the material is the sum of the specific activities of the

singular isotopes v producible.

dn,

A= —
dt.

N,
= @A—i 2@: or.(1 — exp[—At;])exp[—At.]. (1.9)

This is a simplified formula (Equation 1.9) and the complete one for all types of nuclear reac-

tions can be found [62].



Chapter 2
Management of radioactive waste

The production of radioactive waste is unavoidable when operating high-energy particle accel-
erators like the ones at CERN. The main fraction of radioactive waste produced derives from
machine upgrades, maintenance operations and dismantling. At CERN, the radioactive waste
management team handles all the phases from the production to the disposal at the radioactive
waste repository.

The purpose of this chapter is to present the concept of waste characterization at CERN. Waste
characterization is performed prior to disposal to verify the acceptability of the waste in the
final repositories. According to the tripartite agreement signed in 2010 by CERN, Switzerland
and France [21], radioactive waste generated during the activities of accelerators complex is
disposed via the existing elimination pathways at the host state’s final repositories.

The data collected in the characterization process should include information concerning the ra-
dionuclide inventory and specific activities, physical and chemical properties of the waste. Sec-
tion 2.1 presents the waste classification in terms of activity content and half-lives of radionu-
clides with a complementary approach called categorization, which includes different waste
processing options. In addition, we describe possible key parameters that might be used in the
characterization process. Section 2.2 focuses on the distinction between new and legacy waste.
Section 2.3 describes the classes of waste currently treated at CERN. Within the scope of this
thesis; low- and intermediate level radioactive waste currently stored at CERN is presented in
Section 2.4.
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2.1 Classification and categorization of radioactive waste

The radioactive waste produced at CERN’s accelerator complex comes in a variety of radionu-
clide amounts and physical state. Waste can be classified based on its radioactivity level and the
half-lives of produced radionuclides within the waste item according to the recommendations
of International Atomic Energy Agency (IAEA). Figure 2.1 shows a conceptual scheme of the

waste classification.

=]
o4
§ N
2
=
"-<3 HLW)|
~10%-10° Bg/g
T1LW|
I A/
~400 Bg/g (alpha) VSLW
LLW]|
~100x
clearance
levels
[VLLW|
Waste with naturally
Clearance occurring radionuclides
levels
EW I
~100 days ~30 years

Half-life

Figure 2.1: Waste classification scheme in terms of activity content!°(specific or total activity)
and the half-life of the radionuclide. Distinguished main waste classes, such as EW (Exempt
waste) that can be cleared from regulatory control, VSLW (very short-lived waste), VLLW (very
low level waste), LLW (low level waste), ILW (intermediate level waste) and HLW (high level
waste) [17].

In Figure 2.1, the horizontal axis represents the typical half-lives of the radionuclides contained
in the waste, which can range from very short (days) to long time spans (dozens of years). In
accordance with the radioactive waste safety rules presented in the General Safety Guide [17],
radionuclides with the half-lives below 100 days are classified as very short-lived whereas those
with the half-lives below approximately 30 years as a short-lived. Considering the main charac-
teristics of metallic radioactive waste generated at CERN (see Section 2.3.3), the radionuclide
inventory includes short-lived radionuclides such as °° F'e with a half-life 2.7 years, 60Co with
a half-life 5.3 years and long-lived radionuclides, e.g., % Ni with a half-life approximately 100
years.

10 According to IAEA glossary, the term ’activity content’ covers activity concentration, specific activity and
total activity, and it is used because of the general heterogeneous nature of radioactive waste
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Following the vertical axis of Figure 2.1, the level of activity content starts from negligible to
very high. For example, waste containing only small amounts of certain radionuclides may
meet the criteria for clearance, exemption or exclusion from regulatory control for radiation
protection purposes [13] and therefore might belong to Exempt waste (EW) category.

The classification is based on the radioactivity concentration and half-lives of radionuclides.
The categorization of waste is a complementary approach, which includes other waste proper-
ties, such as origin, physical state, type of waste and processing options!!.

In particular, IAEA categorizes waste as unconditioned or conditioned [15]. Figure 2.2 shows

the operational process of those two categories.

UNCONDITIONED I CONDITIONED

WASTE : WASTE
|
|
|
|

Pre-treat Treat Condition [ DISPOSE
|
|
|

DISPOSE or
REUSE/RECYCLE BIRFCSE I END

[
|
| I
END |
I
I
[

Figure 2.2: Waste categorization overview; indication of potential disposal options. Adapted
from [15].

Unconditioned waste is defined as a raw, pretreated and treated. The pre-treatment may in-
clude operations, such as collection or segregation, chemical adjustment and decontamination
of waste. One result of the pre-treatment may be a reduction in the amount of waste that would
be subject to further processing and disposal.

The pre-treatment operation might rely on the collection and the segregation of waste. In par-
ticular, radioactive waste at CERN, with an estimated dose rate greater than 100 pSv/h is seg-
regated in dedicated shielded areas in the Radioactive Waste Treatment Centre and Storage
(RWTCS).

The treatment operation concept based on the changing of the radioactive waste characteristics

by reduction of waste volume, removal of radionuclides from the waste and change of waste

1 By the waste processing we determine any operation that change the characteristics of waste, including pre-
treatment, treatment and conditioning [11].
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composition, for instance by evaporation and change of form or composition by a chemical
process. Volume reduction of solid waste by compaction is widely used in waste treatment. As
an example, we might include a common operation adapted at CERN, which relies on the usage
of an industrial press-shears [121].

In addition, LL/IL metallic waste stored at RWTCS will be subjected to melting in the future.
The objective of this treatment is the volume reduction of waste items. Melting of the LL/IL
metallic waste results in the homogenization of the activity and accumulation of this activity
within produced ingots for instance and generation of secondary waste, like ash or accumulation
of residues within the filter system.

Operations for conditioned waste lead to the production of waste packages!? that are appropri-
ate for handling, transport or disposal. In general, conditioning operations may require immo-
bilization of the waste in a matrix. Common materials applied in the immobilization process
for stabilization of radioactive waste within the package might be bitumen and polymers [12].
CERN has the capacity to pre-treat, treat, measure and package radioactive waste. Waste pro-
duced at CERN prior to the disposal facility does not require immobilization or stabilization
processes. Nevertheless, its elimination due to the lack of waste conditioning facilities at CERN,
all radioactive waste is sent to final repositories for conditioning and disposal as required.
IAEA lists key parameters that can be used to characterize radioactive waste [14]. A summary

is presented in Table 2.1.

Table 2.1: Key parameters that might be used in the characterization process [26].

Unconditioned waste Conditioned waste

Radiological - Total activity and activity concentration of radionuclides - Total activity

properties

- Origin of the activity (contamination or activation) - Radionuclide composition
- Surface dose rate - Surface contamination

Physical - Physical state - Size and weight

properties - Volume, mass and dimensions of waste items - Structural and dimensional stability
- Volatility, miscibility etc.

Chemical - Toxicity - Chemical stability

properties Chemical composition - Homogeneity
- Combustibility and flammability - Fire resistance

Biological - Potential biological hazard

properties

- Infectious/pathogenic

12 The waste package is defined as a product that includes the waste itself, any container and internal barriers.
The waste package need to be prepared in accordance with requirements for handling, transport, disposal [28]
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Key parameters that we consider to apply during the characterization process of LL/IL waste at
CERN includes the activity of waste items, physical and chemical properties such as physical
state, volume, mass, dimensions and chemical composition. We focus on metallic waste, mainly
made of steel, aluminium and copper. These key parameters can be used to establish whether
waste items need to be melted and later on sent to the disposal facility or if they can be sent

directly to the dedicated disposal facility.
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2.2 Legacy and new radioactive waste

According to IAEA, if radioactive waste is generated with a traceability system in place, waste
is considered as "new". The major feature of this category of waste is that the characterization
can be accurate because the history of the waste is known.Conversely, legacy waste is defined as
waste generated without a complete traceable characterization system in place. For this waste,
the characterization process is more intensive and expensive, due to systematic and extensive
measurements.

The notion of new and legacy waste generated at CERN is the following. We have kept trace-
ability for virtually all radioactive waste. However, legacy (or historical) waste represents the
waste produced and stored before an elimination pathway was available. Therefore, the waste
was not sorted or treated adequately, and reworking is needed when the pathway is defined. For
new waste, the elimination pathway is defined and consequently, we can sort and treat the waste
directly with the right procedures.

The purpose of the present thesis is to propose a characterization strategy for legacy waste,
focusing on metallic LL/IL waste produced at CERN. A more detailed description of LL/IL

waste is given in section 2.3.3.
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2.3 Radiological classification of radioactive waste

Radioactive waste and activated material produced at CERN is either disposed of in France or
Switzerland in accordance with the existing elimination pathways. The following Sections 2.3.1
and 2.3.2 present the radiological acceptance criteria for the already established elimination
pathways at CERN: the clearance from regulatory control of non-radioactive waste and the
disposal of Very low level (VLL) waste. Moreover, we present the radiological criteria used for
the new radiological characterization process of the LL/IL. waste (see Section 2.3.3) which is
being established at CERN. Indeed, the aim of the present thesis is to propose and to implement

a radiological characterization process for LL/IL waste.

2.3.1 Clearance waste

In Switzerland, the clearance from regulatory control can be achieved, if it can be demonstrated
by measurements and calculations, that the material is non-radioactive according to the Swiss
Radiation Protection Legislation described in [16] [19]. In particular, the material needs to

fulfill all the following criteria:

1. Surface contamination (CS), which is the sum of the following activities: the non fixed
activity, which can be removed from a surface by wiping or washing and the fixed activity,
which can be removed during future use. For example, the CS of Co-60 needs to be below

or equal to 3 Bq/cm?.

2. Specific activity shall be lower than the clearance limit (limite de libération (LL) in French),
such that the material is no longer subject to authorization and therefore to surveillance. For

instance, the LL value given for Co-60 is 0.1 Bq/g.

3. Dose rate (D), which is an operational quantity used to estimate the exposure of a person
to radiation. The ambient equivalent dose rate at 10 cm distance from the material surface
shall be lower than 0.1 pSh/h.

2.3.2 Very low level radioactive waste

VLL waste in France is identified as Tres Faiblement Actifs (TFA) waste. In order to verify
if waste can be disposed as VLL waste in the French final disposal facility, French National
Agency for Radioactive Waste Management (ANDRA), which is responsible for guaranteeing
safe management solutions for all French radioactive waste has defined a factor Indice Radi-
ologique d’ Acceptabilité en Stockage (IRAS), for a waste package, given by Equation 2.1

IRAS =) -+,

2.1
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where a; is the specific activity of radionuclide < and A L; expresses the level of the radiotoxicity

hazards'? of the radionuclide 4, and it is defined as follows (Equation 2.2):

AL; = 10%assi (2.2)

where the C'lass of radionuclide 7 expresses its level of radiotoxicity hazards. The C'lass varies
from O (high radiotoxicity) to 3 (low radiotoxicity). The list of radionuclides with corresponding
classes can be found in [23]. If a radionuclide ¢ exceeds its declaration threshold, it must be
declared and included in the IRAS computations.

A computation of weighted IRAS allows verifying the acceptability of a batch of packages of
radioactive waste, where M, is the weight of the k& package and I RAS} is the IRAS value of
the k package.

(IRAS) = Zk% : AZ]:AS k. (2.3)
k

The acceptance criteria for a batch of packages of radioactive waste is (I RAS) < 1.

Considering the maximum acceptable IRAS factor of 10 for each waste package of VLL ra-
dioactive waste, an operational sorting criterion regarding the dose rate threshold for the iden-
tification of VLL radioactive waste has been established (see [89]). The calculations are based
on establishing the correlation of the contact dose rate and the maximum activity of the domi-
nant gamma emitter (Co-60) for the IRAS factor of 10. These calculations and the benchmarks
demonstrate that the waste with the maximum dose rate lower than 100 ©Sv/h can be considered

as candidates for disposal as VLL waste.

2.3.3 Low- and intermediate radioactive waste

LL/IL waste in France is identified as Faible et Moyenne Activité (FMA) waste. This class
of waste covers approximately 11% of waste in mass stored at CERN. LL waste usually has a
limited amount of long-lived radionuclides. If long-lived radionuclides are present, they often
have relatively low levels of activity concentration. Figure 2.1 also shows that LL waste covers
the range of short-lived radionuclides with high activity concentration. Conversely, IL waste
may contain predominantly long-lived radionuclides; thus this waste requires disposal at greater
depths [17].

The classification of a waste as LL/IL does not depend only on the activity concentration. AN-
DRA specifies the acceptance criteria of LL/IL waste in the technical note [22].

In order to accept loose LL/IL waste inside containers without stabilization in the short-lived

disposal facility in France, waste needs to fulfil several requirements, namely:

13 Radiotoxicity hazards may be due to the ability of the radionuclide to produce damage or injury, by virtue of
its emitted radiations, when incorporated in the surface or body [4]
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- the specific activity of each radionuclide in the waste package shall be less than a Coating
threshold (Seuil d'enrobage) (SE);

- the sum of specific activities confining threshold of all beta and gamma emitters shall be
less than 3.7-10* Bq/g;

- the specific activity of each alpha emitter with a half-life < 31 years shall be less than
3.7-10° Bg/g;

- the sum of specific activities of all alpha emitters with half-lives < 31 years shall be less
than 3.7-10* Bqg/g.

To guarantee the radiological safety for packaging, transport or disposal, we have to follow rules
to avoid radiotoxicity hazards. In a case of exceeding one of the given specific activity values,
as presented above, we have to implement additional coating or internal barrier for packaging
or transporting the waste items. Table 2.2 presents activity limits for short-lived radionuclides.
The complete list can be found in [22]

Table 2.2: Activity limits for LL and IL short-lived radionuclides with half-lives < 31 years .

. ) Declaration Coating threshold Maximum acceptable
Radionuclide
threshold [Bq/g] (SE) [Bqg/g] limit [Bq/g]
H-3 10 7.4-10* 2-10°
Na-22 1 2-10% 1.3-108
Mn-54 10 3.7-10* 3.6-108
Fe-55 10 3.7-10* 6.1-10°

Co-60 10 3.7-103 1.3-108
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160 Long-lived radionuclides with half-lives > 31 years are accepted in French short-lived disposal

170 facility within given limits, as determined in Table 2.3

Table 2.3: Activity limits for LL and IL long-lived radionuclides with half-lives > 31 years
[22].

Declaration Coating threshold Maximum acceptable

Radionuclide threshold [Bq/g] (SE) [Bqg/g] limit [Bq/g]
Be-10 1.0-10~* - 5.1-10%
C-14 1 3.7-10% 9.2-10*
CI-36 1.0-1072 - 5
Ca-41 1.0-10~* - 3-10°
Ni-59 1.0-1071 3.7-10° 1.1-10°

Ni-60 1 3.7-103 3.2-109
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2.4 LL/IL waste stored at CERN

Radioactive waste generated at CERN is temporarily stored at Radioactive Waste Treatment
Centre and Storage (RWTCS) located in the former Intersecting Storage Ring (ISR) tunnel. The
layout of the RWTCS is presented in Figure 2.3. The estimation of the amount of radioactive
waste stored at RWTCS and the prediction of new waste generated in the future at CERN, e.g.,
during Long Shutdown'# are given in [49], [88]. The estimated total mass of radioactive waste
stored at CERN at the time of writing this thesis, is ~7300 tons, occupying a volume of 6500

m3.

\ ISR4/B.184
(RWTC)

(a) LL and IL waste are stored in octants 5 and 6. A 30 tons crane for handling waste items is also
installed.

DdD pSv/h
13.09.2018,

CERN, SITG
N [} 3.25 6.5 13 14/09/2018

(b) Layout: octant 6 with shielded zones. Dose rate measurements performed on 13/09/2018.

Figure 2.3: RWTCS layout with separated octants.

14 https://home.cern/news/news/accelerators/new-schedule-Ihc-and-its-successor, 23 February 2021
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In order to distinguish between VLL and LL/IL, the experimental threshold of the dose rate at
100 pSv/h is set (refer to Section 2.3.2). Out of 627 tons of stored waste in dedicated shielded
areas at RWTCS, 242 tons of waste with the dose rate greater than 100 ;Sv/h are considered as
LL/IL candidates. In particular, these waste items were typically produced during dismantling
campaigns performed 10-30 years ago, and stored in the shielded areas at RWTCS due to lack
of any elimination pathways.

The majority of stored LL/IL waste is made of steel, aluminium and copper. They vary ac-
cording to levels of dose rate, activity distribution, apparent density, contamination risk and
origin.

Representation of waste stored at RWTCS, such as pipes, ion pumps, 1.5 m? containers filled
with metallic waste and beam supporting structures is depicted in Figures 2.4a—2.4d. The ap-
parent density of this waste ranges from 0.08 g/cm? to 7 g/cm? and the weights are from 20 kg

up to 2700 kg. The metallic waste mainly origin from SPS and PS accelerators.

(a) 2.5 tons supporting structure. The highest (b) Pipe with length > 2 meters and thickness 2
dose rate is 400 puSv/h. mm. The average dose late for selected pipes is
from 60 to 150 pSv/h.

(c) Ion pump made of metallic non-magnetic and (d) 1.5 m3 containers with metallic waste.
magnetic materials. The highest dose rate mea-
sured is <1 mSv/h

Figure 2.4: Examples of waste items selected in the shielded area of RWTCS.
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Chapter 3

Radionuclide inventory and estimation of

activity concentrations

In this chapter, we introduce concepts to assess the radioactivity of activated waste at CERN.
In order to be disposed of in dedicated disposal facilities, the radioactive waste needs to be
classified. Such classification requires the estimation of the activity concentrations of identified
radionuclides. Within the scope of this thesis, we seek to estimate the radionuclide activity
values of LL/IL radioactive waste according to the acceptance criteria of LL/IL waste in the
short-lived disposal facility in France, as presented in Section 2.4. In order to achieve this
objective, we develop dedicated methods that are based on both analytical calculations and
experimental data. This characterization methodology is generally introduced in Section 3.1.
The following Section 3.2 describes the analytical calculations; the Monte Carlo methods and
calculation tool used for radiological characterization purposes.

In addition, the detailed description of the experimental methods in order to quantify the waste
activity values can be found in Section 3.3. A summary of the radiological characterization

workflow is presented in Section 3.5.
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3.1 Characterization methodology

There are two general calculation methodologies that can be applied for estimating the radioac-
tivity of radioactive waste, the point and the range methods [72]. The point method is dedicated
to calculations for single items, or waste generated in a small quantities. This method features
high accuracy, because of the uniform properties and known history of the waste (including ir-
radiation time ¢;). In CERN’s accelerator complex, the point method could be applied to targets
irradiated at the ISOLDE facility. CERN also features another type of waste, whose radioactiv-
ity levels depend on multiple parameters, such as material composition and localization in the
accelerator complex. In the range method, those input parameters are used in the calculations.
If the activated components installed in CERN accelerators have the same material composi-
tion and irradiation conditions, then the ratio of produced radionuclides at the same position
for those components is constant. The range method can then provide the average activity and
distribution of such activated items. A typical range method applicable in the radiological char-
acterization process is the correlation method. The concept of the Correlation factor (CF) is
similar to Scaling factor (SF) method (detailed information can be found in Section 3.4). A
combination of these two concepts (CF and SF methods) is deployed in the radiological char-
acterization of LL/IL waste at CERN.

The radionuclide inventory can vary within waste, due to variations in chemical composition
and particle spectra. According to the reference [14], we classify radionuclides as Easy-to-
measure (ETM), Difficult-to-measure (DTM) or Impossible-to-measure (ITM).

ETM radionuclides are gamma-emitting nuclides, whose radioactivity levels can be measured
directly by Non-Destructive Assay (NDA) means. The dominant identified gamma emitter
is referred to as Key Nuclide (KN). The KN is used in evaluating the activity concentration
of Difficult-to-measure. The KN needs to fulfill several criteria. Its radioactivity should be
correlated with the DTM nuclides and have a relatively long half-life, with respect to the cooling
times of interest. Additionally, the KN should have similar production mechanisms as the DTM
nuclides [73].

DTM is a nuclide whose radioactivity is difficult to measure directly from the outside of a waste
by NDA techniques. It requires complex destructive techniques, involving chemical and radio-
chemical treatments on the collected samples. The DTM nuclides include pure beta-emitting
nuclides and those emitting low energy photons. Some of them are classified as ITM since they
do not lend to Destructive Assay (DA) techniques. Therefore, the ITM nuclides such as alpha-
emitting or low-energy X-emitting nuclides can be quantified via simulations or calculations
using the analytical code ActiWiz [1], which relies on the extensive Monte Carlo simulations
using FLUKA [37].
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3.2 Activation calculations and simulation codes

In this section, we introduce the Monte Carlo and analytical calculation methods and tools
dedicated for radiological characterization purposes.

The Monte Carlo code FLUKA® [41][39][59] is intended to simulate the transport and inter-
action of hadronic and electromagnetic particles from a few keV up to 10000 TeV in arbitrary
materials [57]. The calculation software ActiWiz [115] is intended to estimate the radiological

hazards of irradiated materials in the CERN’s accelerator complex.

3.2.1 Monte Carlo code FLUKA

To simulate physical systems, Monte Carlo methods should describe the system in terms of a
Probability Density Function (PDF). Hence, if the density function of a system is known, the
simulations can generate random numbers following this density distribution. The outcome
of such a simulation should be in accordance with the mathematical or physical theory that
describes a given physical system [92].

The FLUKA code is a general purpose Monte Carlo code used extensively at CERN for calcu-
lations of particle transport and interactions with matter.

FLUKA is capable of predicting induced radioactivity in a given material and geometry, in-
cluding nuclide production and radioactive decay as well as transport of residual radiation. In
particular, FLUKA allows estimation of the time evolution of produced nuclides with an exact
analytical implementation of the Bateman equations describing activity build-up and radioactive
decay for arbitrary irradiation profiles [38][59].

All nuclear interactions depend on the particle energy and are described in the FLUKA code
by various physics models. The FLUKA hadronic interactions are handled using the PreEqui-
librium Approach to Nuclear Thermalization (PEANUT) code from threshold of 20 MeV (for
neutrons) up to several dozen of TeV. The PEANUT includes the Dual Parton Model (DPM)[50]
and Glauber-Gribov cascade of high-energy interactions (up to 20 TeV), a very detailed Gener-
alized Intra-Nuclear Cascade (GINC) as well as pre-equilibrium emission model. Additionally,
PEANUT features models for evaporation, fragmentation, fission and gamma deexcitation.
The ion interactions are described by the Boltzmann Master Equation (BME) for energies be-
low 0.1 GeV/nucleon, the rQMD-2.4 in the energy range between 0.1 GeV/nucleon and 5
GeV/nucleon, and the DPMJET?3 for energies above 5 GeV/nucleon [105]. In FLUKA, the
transport of neutrons with energy below 20 MeV is handled by the multi-group algorithm based
on evaluated cross section data, such as ENDF/B, JEF, JENDL, etc. With the multi-group trans-
port technique, the energy range of interest is divided into a number of discrete intervals called
"energy groups". Each group is identified by a number increasing with decreasing energy. The
energy range of the library starts from 0.01 meV up to 20 MeV[38][59].

15 https://fluka.cern, 30 March 2021
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The Fluka input consists of more than 70 parameters (see the list [59]). In order to generate the
FLUKA input file, we need to implement commands that define the radiation source, the geom-
etry layout, materials (chemical compositions and densities), requested results (called scorings)
and optional settings, e.g. energy cut-offs, for both transport and production.

Thanks to the FLUKA Monte Carlo code capabilities, any particle spectra for any areas in
the CERN’s accelerator complex can be calculated. The obtained particle spectra can then be

subsequently used in ActiWiz as described in the following section.

3.2.2 ActiWiz

ActiWiz [1] is a software tool developed at CERN to assess and compare the radiological hazard
of materials exposed in the CERN accelerator’s complex. All ActiWiz scenarios (as provided
in the ActiWiz default libraries)are based on a vast amount of FLUKA simulations. ActiWiz
allows rapid estimation of radionuclide production yields without implementing complex input
files with a Monte Carlo code using FLUKA [115].

The new generation of ActiWiz (version 3) is not limited to predefined radiation fields. ActiWiz
version 3 can use arbitrary particle fluence spectra as an input and independently calculate the
nuclide production terms without further Monte Carlo calculations.

Nuclide inventories can be determined as a function of randomly sampled parameters including
the material chemical composition, the beam energy, the position of exposure in the accelerator
as well as the irradiation and cooling times. The combination of a set of those random variables
represent a so-called scenario S [113]. From a mathematical point of view the S is a mixed

multivariate random variable (or a vector) and can be written as follows [121]:
S=(CC,E, P, t;t.). 3.1

Where:
CC - chemical composition;
E - beam energy;
P - material position in accelerator;
t; - irradiation time;
t. - cooling time.

subsequently, ActiWiz’s nuclide inventory generated from the set of mixed multivariate random
variable, needs to be compared with regulatory or acceptance limits (e.g.clearance limit) or
conversion functions (e.g. dose equivalent or inhalation dose). The following sections describe

in detail the components of Equation 3.1.
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3.2.2.A Material chemical composition

This section introduces the first input parameter, material chemical composition of the activated
waste item. The chemical composition, of a given material, is crucial to evaluate the produc-
tion rates of the radionuclides, when it is exposed radiation beam losses in the accelerator. The
knowledge of the exact elemental composition of the legacy waste stored at CERN might be
limited due to the unavailability of a traceability system in place at the time of the waste gener-
ation. Additionally, the quantity of impurities can be below the detection limits of the common
instruments used at CERN to evaluate the chemical composition (above 50 to 100 ppm for most
elements).

Gathering information about elemental composition can be done via direct measurements or
based on the literature, national and international standards, like [25]. The collected data can be
either in the format of a single value or of a statistical distribution.

The radiological characterization carried out at CERN uses the chemical compositions from
a material catalogue [61]. The catalogue is based on information collected from the original
suppliers’ data and values from European and international standards for materials that are used
to build accelerator components and structures. This material catalogue consists of 69 chemical
elements and 66 compounds. To establish a representative radionuclide inventory of legacy
metallic LL/IL waste generated at CERN'’s accelerator complex, the chemical compounds are
grouped into three main families: steel, aluminium and copper. The list of major chemical

compounds for those materials is presented in Table 3.1.

Table 3.1: The list of typical chemical compositions used at CERN accelerators. These com-
positions are also implemented in the ActiWiz simulations to access the produced radionuclide
inventory of the LL/IL waste. Values in parenthesis are given as weight fractions.

Material Composition of materials in reference concentration

Aluminium 6060 Al (98.375), Mg (0.475), Si (0.45), Fe (0.2), Zn (0.15), Cu (0.1), Mn (0.1,), Ti (0.1), Cr (0.05)
Steel 304L Fe (67.0825), Cr (18.5), Ni (11.25), Mn (2.0), Si (1.0), Co (0.1), C (0.03), P (0.0225), S (0.015)
Copper OFE Cu (99.99), S (0.0018), Bi (0.001), Pb (0.001), O (0.0005), Cd (0.0001), Hg (0.0001), Zn (0.0001)

In reality, the exact amount of impurity and trace elements will vary considerably among differ-
ent waste items following a probability distribution. This feature is described in [72]. A basic

approach for setting the distribution shape is shown in Table 3.2.



Table 3.2: Approach of setting basic type of distribution of chemical element concentrations. Adapted from [72]

Chemical element
condition

Main elements

Impurity elements

Trace elements

Controlled in a certain range
of concentration

Controlled with un upper limit
of concentration

Non-controlled

Basic approach

Reference concentration dis-
tribution of each chemical el-
ement

Main chemical elements of
materials which are manu-
factured in specific factories
under lot-based quality con-
trol. Their contents are con-
trolled within the target range
specified by national indus-
trial standards of material, and
their concentration ranges are
comparatively narrow.

Normal distribution

Chemical elements which are
reduced or controlled in a
certain manufacturing process
as impurity elements con-
tained in manufactured mate-
rials. Their contents are con-
trolled below comparatively
low control values, and the
concentration distribution of
each element is able to reflect
its concentration distribution
in nature.

Log-normal distribution

Chemical elements which are
not controlled. The content of
each element reflects its con-
centration distribution appear-
ing in nature.

Log-normal distribution
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The setting of the concentration distribution conditions, of each chemical element, can be di-

vided into four cases [72] according to the available element analysis data.

- A sufficient and representative element analysis data are collected for radioactive waste.
The concentration distribution condition can be set by using the average values, standard

deviation or maximum/minimum values of each element.

- The element analysis data are relatively sparse for radioactive waste. Setting of the concen-
tration distribution condition can be made by applying values being the upper limits of the

confidence intervals obtained from data for each element.

- Most of the element analysis data is below the detection limit. It is possible to estimate
the chemical element concentration either assuming the average concentration and standard
deviation from detected values or using the the concentration distribution in a range below
the detection limit. For example, we can assume that the average is determined by assuming
maximum detected value located at +2¢ value of the concentration distribution and standard

deviation is evaluated from the same element data in the nature.

- The element analysis data contain only detection limit values. It is possible either to use
detection limit values to evaluate averages and standard deviation values, or set a concen-
tration distribution in a range below the declaration limit, or estimate from radiochemical
analysis results if the irradiation conditions are known by varying the composition values

to match the measured nuclide inventory.

Example 1 provides the reader with an example of the expected radionuclides generated under
specific irradiation conditions. It provides an outline of the list of possible radionuclides gener-
ated with their contribution to the total radioactivity for the selected materials. Measuring the
radionuclide inventory and precisely defining the activation scenario allows reconstructing the

chemical composition.
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Example 1 Using ActiWiz, we exposed Steel 304L, Aluminium 6060 and Copper OFE to the
radiological environment of CERN’s accelerator complex. The activation occurs at the beam
impact area (see Table 3.4), the materials are irradiated for 20 years and they are left to decay
for 10 years after the irradiation time. The list of major radionuclides produced with their %

contribution to the total activity (>1%) from ActiWiz calculations is presented in Table 3.3

Table 3.3: Radionuclide inventory generated for irradiated Steel 304L, Aluminium 6060 and
Copper OFE [61] at the beam impact area. The irradiation time is 20 years, the time which has
elapsed since the end of the exposure is 10 years.

Contribution to the total activity in %

Radionuclide
Steel 304  Copper OFE  Aluminium 6060

H-3 78.04 80.00 95.38
Fe-55 18.71 3.14 0.07
Co-60 0.81 6.32 0.01
Sc-44 0.76 0.24 0.01
Ti-44 0.76 0.24 0.01
Ar-39 0.32 0.19
Na-22 0.20 0.08 4.46
Ni-63 0.12 9.59 0.02
P-32 0.06 0.05

Si-32 0.06 0.05
Mn-54 0.04 0.01

V-49 0.04 0.01

K-42 0.04 0.04

Ar-42 0.04 0.04

C-14 0.01 0.01 0.03
Ni-59 0.01

In addition, an extensive example of the techniques used to establish the elemental concentration
distribution in cathodic copper can be found in [121] (Chapter 2). Similar procedures can be

applied for other materials when constructing elemental compositions for activation studies.
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3.2.2.B Material position and beam energy in the accelerator (P), (E)

The ActiWiz code version 3 has implemented the activation positions representing the CERN’s
accelerators including the Linac 4, the PS Booster, the PS, the SPS and the LHC. The composi-
tion of the radiation field depends on the position of the material with respect to the beam loss
point. As presented in Figure 3.1, the bulky iron cylinder geometry setup allows estimation of
the activation in the case of beam impacts on a massive objects like magnets. On the other side,
the iron cylindrical target geometry focuses on the impact on the target, resembling beam losses
on objects providing little self-absorption like collimators. The positions considered in ActiWiz

are divided into seven typical irradiation locations described in Tables 3.4 and 3.5.

Bulky iron cylinder

Iron target (cylinder):

7TeV
protons

Figure 3.1: Simulation geometry used to calculate the material activation at various locations.
There are two beam impact objects: a two meter long bulky cylinder with a radius of 50 cm and
a two meter long cylindrical target with a radius of 3 cm [61].

The radiological environment in CERN’s accelerator complex can be represented in total by
42 possible combinations of the parameter values of energy (E) and position (P) in the random

vector scenario S.

Table 3.4: Irradiation locations for the bulky material (e.g. magnets) [61] and [121].

1. The red cylinder represents the beam impact area
(BeamImpact). The irradiation situation can be used
to characterize the activation of the material hit directly

by beam.

Proton
Beam



44 CHAPTER 3. RADIONUCLIDE INVENTORY AND ACTIVITY CONCENTRATIONS

2. The red hollow cylinder (3 cm <r <50 cm) represents
the bulky material surrounding the beam impact points.
The irradiation situation can be used to characterize the
activation massive materials located close to objects in-

tercepting protons from the beam line (WithinBulky).

Proton
Beam

3. The red hollow cylinder (50 cm <r <51 cm) is placed
adjacent to the bulky material surrounding the beam
impact points. This irradiation situation is important
for all LHC equipment which is located laterally to the
LHC magnets (AdjBulky).

Proton
Beam

. The red thin hollow cylinder (199 cm <r <200 cm) is
close to the tunnel wall at the lateral distance from the
beam line of two meters. The scoring volume is used
to characterize the activation of materials in radiation
fields occurring close to the concrete tunnel wall (e.g.

cable trays) (ClosewallBeamOnBulky).

. The red hollow cylinder is located behind two meters
of massive lateral concrete shielding. This irradiation
situation can be applied for material activation behind
thick lateral concrete walls which shield radiation from
beam impacts (BehindWall).
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Table 3.5: Irradiation locations for the beam-on-target (e.g. collimators) [61] and [121].

Proton
Beam

Proton
Beam

6. The red hollow cylinder with thickness of 1 cm. This

irradiation situation is used for the activation calcula-
tions considering location at a lateral distance of 10 cm
to the target. Such a geometry configuration is impor-
tant for materials located close to unshielded beam line

equipment of small lateral extension (10cmTarget).

. The red hollow cylinder is located close to the concrete

tunnel walls at the lateral distance of two meters from
the beam line axis. The situation can be used to de-
scribe all equipment located adjacent to the tunnel wall
in the area of beam equipment with small lateral exten-
sion (CloseWallBeamOnTarget).
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Example 2 In this example, we simulated the exposure of Steel 304L to a 400 GeV/c proton
beam, which corresponds to the SPS accelerator. The activation occurs at the following loca-
tions: the beam impact point, close to the concrete tunnel wall, behind the massive concrete
shielding, adjacent to the bulky material and within the bulky material surrounding the beam
impact area. The Steel 304L was irradiated for 20 years and decayed for 5 years after the end

of the irradiation.

*
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10" 4 + H-3
¢ Fe-55
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> ? ®
=
> [ | °
*310*1 . 3 "
(]
2
©
° *
o,
10 3 |
(]
5 *
107 7 |
T T T T T
Beamimpact WithinBulky AdjBulky CloseWallBeamOnBulky BehindWall

Figure 3.2: The differences between activity concentrations for activation caused by beam
losses in bulky material type (e.g. magnets). All activity values are normalized to the high-
est activity value of Co-60. The activation scenario is generated for a 400 GeV/c proton beam
impacting on a steel cylinder. Irradiation time is 20 years and cooling time is 5 years. The rela-
tive activity values include the estimated particle losses (see Table 1.2) for CERN’s machines.

191 As presented in Figure 3.2, the activity concentration between two extreme locations of activa-

192

193

tion at the beam impact area and behind massive concrete shielding varies by five or six orders
of magnitude for the radionuclides Co-60, H-3 and Fe-535.
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Example 3 This example shows the distribution of relative radioactivity for different proton
energies beam in CERN’s accelerator complex for two positions, at the beam impact and behind
walls for Steel 304L. The irradiation profile is set to 20 years of irradiation and 5 years of
cooling times. This is a consequence of the variation of the particle fluencies across different

irradiation positions and nuclear cross section for various energies.
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(a) The irradiation simulation at the beam impact area. The relative activity values
are normalized to the corresponding Co-60 activity value obtained using the highest
energy beam of SPS 400 GeV/c.
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(b) The irradiation simulation behind the thick lateral concrete walls.The relative
activity values are normalized to the corresponding Co-60 activity value obtained
using the highest energy beam of SPS 400 GeV/c.

Figure 3.3: Activity concentration in terms of different energy beam in the accelerators: SPS,
PS, PS Booster and linear accelerator Linac 4. The relative activity values includes the estimated
particle losses (see Table 1.2) for CERN’s machines.
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3.2.2.C Irradiation and cooling time (¢,), (Z.)

The irradiation and cooling times are introduced in Section 1.4 dedicated to the induced ra-
dioactivity.

One can write the scaling factor as a function of cooling time, where ap7)/(0) and ax n(0) are
initial activity values for DTM and Key Nuclide (KN).

n(2
apram(0) X exp <_TD% X tc)

CLDTM(tc) . 1/2

agn(te) n
() arn(0) x exp (—ZTS\? X tc)

1/2

SF(t.) = (3.2)

where apry(t) and ax n(t) are the activities of the DTM and KN respectively at the cooling

time t. 777" and T} represent the half-lives of the radionuclides. We can indicate three main

cases for Equation 3.2; the T/)7"" is either greater than 7/}’ or lower than 7'/}," or the half-lives
of these radionuclides are similar. the following Figures 3.4 and 3.5 show the behaviour of the

analytical scaling factors of H-3 and Co-60 or Fe-55 and Co-60 for a waste made of steel.

Example 4 This example illustrates the behaviour of the SFs as a function of the cooling time.
The irradiation conditions of the simulation are the following. The irradiation span for Steel
304L is 10 years, the cooling time varies from 1 years up to 30 years for different positions in

the accelerator. Additionally, we include a scenario right after the end of irradiation.

B Beamimpact A WithinBulky o AdjBulky B CloseWallBeamOnBulky
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Figure 3.4: Illustration of analytical scaling factors for pairs of radionuclides H-3 and Co-60.
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Figure 3.5: Illustration of analytical scaling factors for pairs of radionuclides Fe-55 and Co-60.

When the DTM half-life is greater than the KN value, the SF increases steadily as a function of
the cooling time. For a pair of radionuclides H-3 and Co-60 the SF can reach a factor of 350
after 30 years of decay time. Conversely, the half-life of the Fe-55 is lower than the KN, Co-60.
Hence, the SF is decreasing steadily as a function of cooling time. Additionally, H-3 and Co-
60 SF values can vary maximally by four orders of magnitude due to different positions in the

accelerator.
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3.3 Experimental methods

As indicated in Section 3.1, the experimental methods deployed at CERN are either non-
destructive or destructive. The non-destructive technique is based on direct measurement of
waste items using gamma-spectrometry instrumentation. The concept of gamma-spectrometry
is presented in Section 3.3.2. Conversely, to be able to estimate the radioactivity of difficult to

measure radionuclides, we apply destructive methods, described in Section 3.3.3.

3.3.1 Interaction of radiation with matter

This section provides a basic introduction of the interactions of charged particle and of electro-
magnetic photons with the active volume of the detector. The objective of this sub-section is to

briefly describe the detection mechanisms. [85].

3.3.1.A Charged particle interactions

During the radioactive decay of activated matter, the particles or photons (including gamma
rays and X-rays) are emitted and can interact with matter. Each interaction of charged particles
may cause the loss of its kinetic energy. The energy transfer from charged particles to the orbital
electrons of matter results in collision losses. Whereas the energy transfer of charged particles to
the nuclei results in radiative losses [102] The main interactions with matter involving electrons

are ionization, excitation and Bremsstrahlung [109].

1. Ionization is a process where the orbital electron(s) is (are) removed from an atom, due to

Coulomb interactions between the incident electron and orbital electron(s) of the matter.

2. Excitation involves the energy transfer from the incident electron to an orbital electron.
The energy transfer is less than the binding energy of the orbital electron. This results in

moving the orbital electron into a higher energy state rather than ejecting it from the atom.

3. Bremsstrahlung occurs when either an accelerated or a decelerated charge particle is de-
flected by another charged particle, mainly an atomic electron. A kinetic energy loss of
the deflected particle varies from zero up to its total kinetic energy and it is converted to
electromagnetic radiation (Bremsstrahlung radiation). The probability of this interaction
is inversely proportional to the square of mass of the charged particle. Consequently the
bremsstrahlung production is typically neglected for charged particles other than electrons

and positrons.

3.3.1.B Photons electromagnetic interactions

This sub-section reviews the various types of electromagnetic interactions of photons with mat-

ter. Photons are considered indirectly ionizing radiation. They deposit their energy in matter in
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two stages [103];

1. Energy is transferred to a charged particle;

2. The charged particle deposits its energy in matter.

Low energy photons interact with orbital electrons while those of higher energy interact with
atomic nuclei. Figure 3.6 illustrates the representation of the most probable interaction mecha-

nisms, such as photoabsorption, Compton scattering and pair production.

1. Photoelectric absorption is dominant at low photons energy. This effect occurs when
the photon interacts with an inner shell electron of an atom. The photon transmit its all
energy to the electron. It results in the absorption of the incident photon and the ejection of
an orbital electron. The photoelectric absorption probability 7 is proportional to Z"/E3,

where the exponent n varies between 4 and 5 for atomic number Z [82].

2. In Compton scattering the incident photon transfers only some of its initial energy to the
orbital electron. This causes the scattering of the photon by an angle, with respect to its
original direction. The Compton scattering probability ¢ is almost independent of atomic

number Z and decreases as the photon energy increases.

3. Pair production can occur when the energy of the photon exceeds 1.022 MeV. In pair
production, the photon is converted into an electron-positron pair. The positron originating
from pair production combines with an electron in matter. The annihilation of the matter
electron with the positron produces two photons of 511 keV each that emit in opposite

directions. The pair production probability x increases with atomic number roughly as Z>.

=1 02 — : : I e — : : I g
= 3
= [ pair production -
10 g = |
1 Compton scattering -
107! B E|
- photoelectric absorption m
1072 =

3 M BT BT RIS .

10 20 40 60 K0
=

Figure 3.6: Representation of the relative predominance of the three main photon interactions
with matter: photoelectric absorption, Compton scattering and pair production as a function of
photon energy and atomic number Z [40].
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3.3.2 Non-destructive assay technique of the waste:

Gamma spectrometry

There are several non-destructive analysis techniques to evaluate the radioactive characteristics
of the waste. One of them is gamma spectrometry, which allows identification of radionuclides
and their corresponding activity concentrations [71].

Gamma-spectrometry is commonly used to measure the activity of ETM, gamma emitting ra-
dionuclides, such as Co-60, Na-22, Mn-54 etc..

The emitted gamma-rays interact with the High Purity Germanium (HPGe) detector. The major
interactions leading to the complete or partial transfer energy of gamma-rays are photoabsorp-
tion, Compton scattering and pair production (detailed description of each phenomenon can be
found in Section 3.3.1) [82].

The probabilities of occurrence of each iteration are shown in Equation 3.3. The sum of these

probabilities y refers to the total attenuation coefficient for gamma-rays interacting with matter.
p = T(photoelectric) + o(Compton) + k(pair). (3.3)

In practice, the most useful coefficient is the mass attenuation coefficient. It is defined as a ratio
of the total attenuation coefficient y to the density p of the sample [67].
The attenuation principle for gamma rays is described by the following Equation 3.4, where ¢

represents the thickness of the material.

Iio — o (u/p)pt (3.4)
The increase of the sample thickness has an impact on the shape of the acquired spectrum.
Actually, due to scattering in the sample, the emitted gamma rays loose their energies, which
result in a build-up of the Compton continuum of the spectrum. This is more noticeable at
lower energies because low-energy gamma-rays are more easily attenuated than high-energy
rays. Thus, the ratio of the low-energy photopeak area to the continuum under the peak is
reduced [12].

Therefore, the formula shown in Equation 3.4 is replaced by the following:

I
= B(t, E,)eWerrt, (3.5)
0

The build-up factor, B(t, E,) given in Equation 3.5 depends both on the thickness, ¢ of the

sample and the energy of the gamma-ray, L.,.
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The radioanalytical laboratory at RWTCS is equipped with five ISOCS characterized HPGe, ei-
ther fixed or portable detectors. They are manufactured by MIRION Technologies (Canberra)'®.
The portable detectors Falcon 5000!7 are frequently used in the radiological characterization
process for the elimination of radioactive waste at CERN as well the assessment of the radio-
logical risk of material and equipment exiting designated areas. Figure 3.7 '8 depicts the Falcon

5000 placed in the dedicated laboratory while acquiring data and its corresponding layout.

Figure 3.7: Falcon 5000 detectors with the readout electronics during acquisition in the radio-
analytical laboratory at RWTCS (left). The corresponding detector layout (right). A Geiger-
Muller (GM) tube is included for monitoring of the dose rate. A moderated He-3 tube is dedi-
cated to neutron measurements (optional). BEGe Technology Germanium Detector included in
HPGe Falcon 5000 enhances the efficiency and resolution at low energies, while preserving a
good efficiency in high energy range [31].

The following Sub-Sections present in detail the HPGe detector characteristics. Additionally,
Sub-Sections 3.3.2.E-3.3.2.1 describe the software and corresponding spectroscopy algorithms,

used for reliable signal processing and gamma spectral analysis.

3.3.2.A Detector and electronics setup

The HPGe detector is a high energy resolution detection system commonly used in radioan-
alytical laboratories and facilities. The gamma-rays ionize the depleted region of the crystal,
generating electron-hole pairs. Due to the fact that a high voltage is applied to the semiconduc-
tor, the created electron-hole pairs follow the electric field lines. Hence, they can be collected at
the electrodes. The generated charges are then collected by the integral charge-sensitive pream-
plifier then processed by the readout electronics. The readout electronics include an integrated
Multi-Channel Analyzer (MCA) that digitizes the data from the preamplifier output of the de-
tector. Specific digital processing algorithms are applied to the digitized data to perform sig-

nal shaping, amplification and generation of the acquisition spectrum. The collected spectrum

16 https://www.mirion.com/, 9 February 2021

17 https://www.canberra.com/fr/produits/hp_radioprotection/falcon-5000.html, 9 February 2021

18 https://mirion.s3.amazonaws.com/cms4_mirion/files/pdf/spec-sheets/falcon-portable-hpge-based-
identifier.pdf?1557257239, 9 February 2021
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is then transferred and saved in a file (*.cnf) with proprietary format from Mirion Technolo-
gies (Canberra). The spectrum is then analyzed and processed by the dedicated gamma spec-
troscopy algorithms made available by the APEX-Gamma productivity suite integrated with
Genie 2000".

Figure 3.8 shows the block diagram of the electronic setup for HPGe measurement station.

MULTI-CHANEL

DETECTOR  |—| PREAMPLIFIER |—| AMPLIFIER |— ANALYZER

HIGH VOLTAGE

Figure 3.8: A schematic of the simplified electronic system of a gamma spectrometry acquisi-
tion station. Adapted from [67].

A reverse-biased high voltage is delivered to the detector via the preamplifier to extend the
depleted region of the crystal. Due to the low energy gap in germanium semiconductors, to
guarantee the equilibrium between thermal excitation and ionizing radiation that both create
electron-hole pairs in depleted region of the crystal, the HPGe detector has to be maintained at
low temperatures. Typically, the HPGe detector is cooled down using liquid nitrogen, which
has a temperature of 77 K (for fixed detectors), or purely electrical cooling systems (such as
Falcon 5000) [31].

The preamplifier is the interface between the detector and the integrated spectroscopy amplifier
within the MCA. It collects the charges and converts them into a voltage pulse [32]. The primary
function of the amplifier is pulse shaping and matching the dynamic range for the MCA input
(detailed description of the functions of the amplifier can be found in [67]).

The height of the integrated pulses from the amplifier is linearly proportional to the sum of
created electron-hole pairs produced by the ionizing radiation and consequently to the deposited
energy of the interacting particle. This signal is transferred to the MCA, which measures, sorts
the heights of pulses and counts them within small voltage ranges or channels. The output of the
signal processing step is the histogram containing the number of pulses with energy deposition

pertaining to the corresponding channel.

19 https://www.mirion.com/products/genie-2000-basic-spectroscopy-software, 1 June 2021
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The main function of the MCA in a typical gamma spectrometry system is to allow the iden-
tification of the radionuclide present in the sample by measuring the height of the pulses and
estimating the corresponding activity by counting the number of those pulses. [82].

The APEX-Gamma software utilizes Genie 2000 components for displaying spectra, perform-
ing energy, shape and efficiency calibrations, editing nuclide libraries to perform the necessary
analysis steps on the collected spectral files [94]. These steps include peak search, Peak area
calculations, background subtractions, efficiency calibrations and nuclide identifications and
quantifications, Minimum Detectable Activity (MDA) calculations as well as reporting func-
tionalities [24].

Table 3.6 depicts specifications of the Falcon 5000 detector of the radioanalytical laboratory at
RWTCS.

Table 3.6: Detector specification and measured performance of Falcon 5000 [93].

Isotope Co-57 Co-60 Fe-55 Co-57* Cd-109 Cd-109 Cd-109 Ratio
Energy [keV] 122 1332 59 6.4 22 88 22:88
FWHM? [keV] 0.829 1.657 0.829  0.850
FWTM¢ [kev] 1.580 3.007 1.580 1.565
Peak/Compton/Continuum 54.0:1 8.3:1
Efficiency % 22.5

¢ Substitutes for Fe-55 in some cases where Fe-55 peaks are not well separated
b Full Width at Half Maximum
¢ Full Width at Tenth Maximum

3.3.2.B Spectral features caused by interactions in the detector

Photon interactions (see Section 3.3.1)with the detector result in creation of electron-hole pairs,
that are source of charge carriers (electrons and holes) in the detector. Those collected carriers
cause the preamplifier to produce voltage pulses, whose amplitudes are proportional to the
number of electrons and holes collected. Consequently, the number of charged pairs created
and collected defines the channel that is incremented. The number of charge pairs collected is
proportional to the deposited energy in the detector.

Spectral features caused by events, which occur within the detector are namely [67]:

1. The full energy of the photon is deposited in the detector when the photon undergoes pho-
toelectric absorption. Thus, photoelectric absorption is an ideal process because deposited

energy corresponds to the number of count in the full energy peak.
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so 2. Transferred energy to the electron in the collision with incident photon ranging from zero

361 up to maximum predicted by Equation 3.6
E2
— 2l
Ee = B 0.511 (3.6)
7 1—cos®
362 For a scattering angle of 0°, the energy transferred to the electron is zero, while for scat-
363 tering angle 180°, the energy transferred to the electron is maximum (FE,,,,;). The high
364 energy edge of the distribution of Compton continuum that corresponds to the E.,,.. is
365 called a Compton edge.
366 The multiple Compton events refer to photons that undergo multiple Compton scattering
367 events before escaping from the detector. The energy deposited might be greater than en-
368 ergy corresponding to the Compton edge, but less than the energy of the initial photon.

so 3. If the incoming photon has energy greater than 1.022 MeV it may produce an electron-

370 positron pair in the detector. The energy deposited in the detector is given by Equation
371 3.7,

Epoir = By, — 1.022MeV. (3.7)
ar2 The positron originating from pair production deposits energy in the detector and finally
373 combines with an electron in matter in a process of annihilation. The photons resulting
374 from the annihilation process, can both deposit their full energy in the detector. If one of
375 the annihilation photons escapes the detector, then the energy deposited in the detector is
376 [E,-0.511] MeV, which is called the single escape peak (SEP). If both annihilation photons
377 escape the detector, then the energy deposited in the detector is [E,- 1.022] MeV. The peak

378 that develops at [£,- 1.022] MeV is the double escape peak (DEP).

a9 3.3.2.C Spectral features caused by interactions external to the detector

a0 There are also spectral features caused by interactions external to the detector, including [82]:

sst 1. X-ray fluorescence peaks are caused by the photoelectric absorption in the material sur-

382 rounding the detector. The inner electron is ejected from the atom. The created vacancy
383 is filled by a higher shell electron, resulting in the emission of a characteristic X-ray. The
384 detection of this X-ray causes a peak to occur in the spectrum, typically less than 105 keV.
385 X-rays may also be detected as a result of electron capture or internal conversion in the
386 source.

sz 2. Backscatter peak is caused by the detection of photons that have undergone a large angle

388 scattering event (Compton scattering) prior to interacting with detectors.
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3. Annihilation peak caused by pair production in the surrounding material. The annihila-
tion photons may strike the detector causing a (full energy) peak to occur at 511 keV (the

annihilation peak).

3.3.2.D Spectral features and dead time caused by count rate

Section 3.3.2.D depicts the counting rate effects on the acquired spectra and corresponding
the dead time behaviour. In the case of low counting rates, the average time between arising
pulses is long enough compared to the intrinsic resolving time of the electronics. The generated
primary pulse has enough time to regain the processing signal baseline and hence it does not
influence the amplitude of the next one. When the counting rate increases, pulses may not have
returned to the baseline yet when the following pulses appear or are processed by the electronics.
Such situations result in random signals summing and are referred to as pulse pile-up [8].

The random summing is the consequence of two or more gamma rays that might occur simul-
taneously within the resolving time of the detector electronics circuit [67] . In this case, we do
not observe two individual detection events but rather a single pulse with a pulse height equal
to the sum of these two individual events.

Figure 3.9 presents a sequence of Cs-137 gamma ray spectra that demonstrate the effect of

increased counting rates on the spectra shapes and features.

104

Cs-137 (661.6 keV)

Counts

0 500 1000 1500 2000 2500 3000
Energy keV
(a) A Cs-137 spectrum accumulated at a relatively low counting rate. The dead
time is 4%. The distance source-detector is 4 m, where the registered dose rate at
the detector is 1.2 uSv/h for the activity of 300 MBq. Random summing is not
observed. The Input Count Rate (ICR) is 2.4 x 103.
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Cs-137 (661.6 keV)

102

Counts

102

| Sum peak (1323.2 keV)

100}

_ 'ﬂ'HH’\"'"H}'IH}'I"”'""T" i

0 500 1000 1500 2000 2500 3000
Energy keVv

(b) A Cs-137 spectrum accumulated at a relatively medium counting rate. The dead
time is 30%. The distance source-detector is 1.5 m, where the registered dose rate
at the detector is 9.5 pSv/h for the activity of 300 MBq. The ICR is 2.5x10%.

108

Cs-137 (661.6 keV)

Counts

T I T

0 500 1000 1500 2000 2500 3000
Energy keV

(c) A Cs-137 spectrum accumulated at a relatively high counting rate. The dead
time is 55%. The distance source-detector is 1 m, where the registered dose rate at
the detector is 18 Sv/h for the activity of 300 MBq. The ICR is 5.3x10%.

Figure 3.9: The summing effect is observed for two acquisitions of Cs-137 source. A summing
peak is at 1323.2=2 - 661.6 keV. For the Cs-137 spectrum taken at a relatively low counting
rate, the summing effect is negligible, while the dead time is low 4% as shown in Figure (a).

The energy resolution of a gamma ray peak is optimal for low counting rates. Experiments
show that the Full Width Half Maximum (FWHM) increases with increasing counting rates
[27].

The gamma spectroscopy measurements carried out in the Calibration Hall at CERN demon-
strate the increase of FWHM with increasing counting rates. The measurement setup is shown
in Figure 3.10. The acquisitions are performed using the Falcon 5000 detector and a 300 MBq

Cs-137 source.
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Figure 3.10: The interior of the Calibration Hall. Measurements performed using the Falcon
5000 detector. The measurements are fully driven from the control room, for dose exposure
optimization and reduction.

Figure 3.11 shows the average FWHM at 661.6 keV for a Cs-137 source as a function of the
corresponding Input Count Rate (ICR). The FWHM varies between 1.48 keV (for the ICR equal
to 1.9x10%) and 1.66 keV (for the ICR equal to 8.3x10%). The corresponding uncertainties of
the mean values are given at 1 o, both for FWHM and ICR.

1.60 1.70

1.50

1.40

FWHM (keV) @ 661.6 keV (Cs—137)

0 2x10* 4x10* 6x10* 8x10* 1x10°
ICR [count/s]

Figure 3.11: FWHM at 661.6 keV for a Cs-137 source as a function of the corresponding ICR

using the Falcon 5000 detector. The FWHM spans an interval of approximately 0.2 keV when
the ICR increases by one order of magnitude.

In addition, [96] show the FWHM behaviour for various rise times in the case of the Trapezoidal

a8 filter. In the electronic setup used in this study, the Falcon 5000 detector Rise Time was set to

a9 5.6 usec.
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Dead time denotes the minimum time interval that is needed to separate two incoming gamma
rays to be recorded as two separate pulses by the detector electronic circuit [8]. The gamma
spectroscopy acquisition should include dead time correction especially for relatively high
counting rates. The correction consists of measuring the dead time by the analyzer electron-
ics and extending the acquisition time accordingly.

The outcome counting rate can be quantified by taking into account a dead time of a given
length and model. The dead time behaviour may be determined using Equation 3.8, where m

and n represent the recorded count rate and the true interaction rate respectively.

deadtime(%) = —— x 100%. (3.8)

n

The common models that represent a dead time behaviour of a counting system are paralyzable
and nonparalyzable [82]. For the paralyzable model, true events that occur during the dead time
period are not detected as counts, however they are assumed to extend the dead time by another
period 0. A paralyzable model can be formulated by the following Equation 3.9, where m is
the recorded count rate, n is the true interaction rate (referred as ICR), and ¢ is the system dead
time parameter.

m =n-exp(—n-J). 3.9

After modification of Equation 3.9 the dead time behaviour as a function of ICR could be as
follows,
deadtime(%) = 100% - [1 — exp(—6 - ICR)]. (3.10)

On the other hand for the nonparalyzable model, the fraction of time when the electronics cannot
process pulses (i.e. dead) is fixed. The formula for the true interaction rate is given by Equation

3.11 where all parameters are mentioned before.

m

= 3.11
n 1 - m - 57 ( )
Equation 3.12 shows a relationship of dead time and ICR,
deadtime(%) = 100% - [1 L (3.12)
eaatirme = . — . .
’ ! (0-ICR+1)

Figure 3.12 presents the dead time behaviour as a function of ICR with associated dead time
models based on the the gamma spectroscopy acquisitions carried out in the Calibration Hall at
CERN, as described before. The ICR values vary between 4 x 102 and 9.6 x 10%.
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Figure 3.12: The dead time behaviour as a function of ICR with associated paralyzable and
nonparalyzable dead time models using Cs-137, Ba-133, and Co-60 sources. The system dead
time parameter for the paralyzable and nonparalyzable models are; d,4rq1yzabie 1S 1.5 X 107° sec
with standard error of 4.9x1072 sec and Ononparalyzabie 15 2.2X 10~° sec with standard error of
7.3x1077 sec.

For the operational gamma spectrometry measurements of radioactive waste items, we carried
out dose rate and dead time measurements at the location of the Falcon 5000 detector and for
different distances. The objective is to design a counting geometry that minimises dead times.
In order to fulfil this requirement, we need to take into account the available space in the facility
(maximizing the item-to-detector distance) during the acquisitions while maintaining MDA that
are at least 10% of the VLL declaration thresholds (see Section 2.3). Figure 3.13 shows the dead
time as a function of the dose rate at the detector for 17 radioactive waste candidates with masses

that range from a dozen kilograms up to several tons, as presented in Section 2.3.2.
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Dead time=100 x (1-exp(— 0.02x Dose rate)
R?2=0.99

100

80

Dead time %

60
Dose rate [uSv/h]

Figure 3.13: The dead time behaviour as a function of dose rate for waste candidate items (black
dots) and calibration Co-60 source (cyan triangles).The dead time equal to approximately 10 %
that corresponds to dose rate at 5 uSv/h. The red curve represents the fit of the data points.

As it can be seen from Figure 3.13, identical dose rate values could lead to different dead time
values. This shows the impact of the item (or source) geometry on the dead time behaviour, such
as attenuation, emitted gamma ray energies, scattering, source volume and position. Figure 3.13
shows that dose rates that are due to a point source (Co-60), lead to lower dead time values than
the waste items, whose main activity is due to Co-60. The scattering in the waste item has a
higher probability to generate more ICR in the detector, which explains the higher dead time
values for the waste item geometries.

We also should note that the dead time increases for increasing shaping times (both the Rise
Time and the Flat Top) [82].

3.3.2.E Peak areas

A peak occurs in the acquired gamma spectroscopy spectrum when a process repeatedly de-
posits the same amount of energy in the detector. The net peak area for a single peak at energy
E., is a measure of the number of full deposition events of energy F.,. The net peak area S is
calculated as follows (Equation 3.13).

S=G-B (3.13)

where G is the sum of the number of gross counts in the peak Regions Of Interests (ROI),
Zf\il y; where y; is count per channel in channel i. B represents the continuum distribution un-
der the peak caused by events other than one that repeatedly deposit energy £,. This continuum

can be modelled by a step function. The step background model is presented in Figure 3.14.
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Figure 3.14: A step continuum. The background is assigned to each channel in proportion to
the fraction of the total integral that lies under the curve from the first channel of the peak ROI
to channel i. [24]

Equation 3.14 provides an expression of the background B.
Y (B, By—B;

B = It A . 314

S CREED o) a4

where y; is count per channel in channel j, N is the number of channels in the peak ROI, n is the
number of continuum channels on each side, B; and B, represent either the sum of n channels
immediately to the left or to the right of the peak region.

Following the general concept represented by Equation 3.13, the net peak area is calculated

from step background model in Equation 3.15,
Y (B By—B;
S — — -l 22 P . 3.15
IS W CRE D o 313

3.3.2.F Efficiency calibration

The efficiency calibration describes the relationship between the number of peak counts in the
spectrum and the nuclide disintegration rate [67]. The measurement of a gamma ray emission
rate requires the knowledge of the HPGe detector efficiency at energy of the emitted gamma

ray. The absolute total efficiency of the detector is given by [68]

total number of counts recoreded in time t (3.16)

€ = : T .
ot = umber of quanta emitted by the source in time t
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This takes into account the full energy peak and all incomplete energy depositions represented
by the Compton continuum 2.

In gamma spectrometry, the intention is to associate the measured peak area of the spectrum
with an identification and quantification of radioactivity present in the sample. The absolute

full energy peak efficiency is expressed by

number of counts recoreded in the peak at a particular energy in time t

€peak(E) = . 3.17)

number of quanta emitted by the source in time t

€pear(F) depends on the sample and the detector geometries, as well as the energy of the gamma
rays [82].

Within the scope of this thesis, a dedicated efficiency calibration is performed for each waste
(either unitary item, container or sample) using a mathematical calibration software In Situ Ob-
ject Counting System (ISOCS) [6] without using radioactive standards at the laboratory. The
efficiency response profile of each specific detector, to be used with the ISOCS software, is
characterized at the factory using NIST-traceable sources and the MCNP Monte Carlo mod-
elling code. The response profile of each individual detector in free space (vacuum with no
attenuation) is determined for a 1000 m diameter sphere around the detector covering an energy
range from 10 keV to 7 MeV. In the ISOCS software, the characterized detector is selected
from a list of available detectors. The ISOCS algorithm mathematically calculates peak effi-
ciency values using a characterized detector model that is validated with measured efficiency

values. The measured peak efficiency at a given energy €,.q;(E) is defined in Equation 3.18

S

FYyY=———
Epeak< ) TyAKw,

(3.18)

where S is the net peak area of the calibration peak, 7' is the acquisition time, y is the yield of
the emitted gamma ray, A is the source activity at the reference time. K, is the decay correction
factor to account for radionuclide decay between the activity A reference time and the source
acquisition time.

In order to generate the efficiency curve calibration, one needs to know the physical and geome-
try parameters of the object, such as dimensions, material elemental composition, densities and
relative activity concentrations. Some of those parameters are well known and do not vary con-
siderably. However, some other parameters are not-well-known, e.g., the activity distribution
within the material matrix. For each not-well-known parameter, the user needs to provide an
estimate of the parameter’s variation intervals or values; e.g., by measuring a group of contain-
ers or consulting the manufacturer specifications for the containers or simply making educated
guesses. These not well-known parameters contribute to the uncertainties of the calibration

efficiency values at each energy.

201f the incident gamma ray energy is below the value at which pair production is significant, the spectrum
results from the combined effect of Compton scattering and photoelectric absorption. The continuum of energies
corresponding to Compton scattered electrons is called Compton continuum [82].
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To generate the reference ISOCS calibration curve, we use the known physical parameters, such
as the dimensions of the item, and the material composition. The corresponding ISOCS geom-

etry parameters of the waste with a three dimensional rendering of a representative geometry

are shown in Figure 3.15.
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(b) ISOCS parameters panel

Figure 3.15: Efficiency calibration geometry parameters for the reference model using Complex
Box template for a waste item.

(c) A three dimensional visualization of modelled geometry.
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s15 Based on the geometry input file, as seen in Figure 3.15, the calculated efficiencies for the

si6  selected energies are presented in Figure 3.16

SGI_template: COMPLEX_BOX

ISOCS_file _name: L_max_facel_248cm_5.gis
Detector_name: FALCON2

Collimator_name: no_collimator

Convrgence_[%]: 1.0e0@
Test_description: FACE1l_24@CM
Comment:
Date_Time:
Source_area_cm2:

Wed_Apr__1_21:10:33_2020
8.39800e+3

517

518

Figure 3.16: The reference ISOCS efficiency calibration points (in the red frame) with associ-
ated uncertainties generated for a waste item with energy range starting from 45 keV to 3 MeV.

Additionally, the graphical depiction of the reference ISOCS efficiency calibration points is

presented in Figure 3.17.
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Figure 3.17: The reference ISOCS efficiency calibration curve for a waste item with energy
range from 45 keV to 3 MeV.
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3.3.2.G  ISOCS Uncertainty Estimator (IUE)

In order to estimate the uncertainties of the efficiencies due to the variation of the geometry
parameters, we refer to the ISOCS Uncertainty Estimator (IUE) [95][43][108]. As described
in Section 3.3.2.F, in order to generate the efficiency calibration curve, one needs to know the
physical and geometrical parameters of the object, such as dimensions and material elemental
composition. In order to account for the efficiency value variations due to the activity non
uniform distribution of the measured item, we introduce hot spots in the ISOCS model. The
objective is to associate to this hot spot other relative activity concentration values compared to
the rest of the item.

In the uncertainty qualification modelling process, one needs to vary the number of hot spots as
well as the relative activity concentrations. They might be constant (entry only "Minimum") or
variable (entry both "Minimum" and "Maximum"). In case of a variable number of hot spots, a
random number N of hot spots is generated assuming the uniform distribution within the limits
of the number of hot spots. Also, each hot spot is placed randomly within the item, e.g. any-
where in the defined layers, and has a different size that is generated between "Low" and "High"
values, which follows one of the sampling distribution types in IUE. In the randomization pro-

cess, each modeled variables follows one of the distribution type, such as [20]:

1. Uniform, where values between "Low" and "High" are equally probable;

2. Triangular, where the probability decreases linearly until values at "Low" and "High" reaches

Z€ro;

3. Normal, where the user selects the confidence limit values.
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se0 Figure 3.18 shows the entered parameters that describe the amount and type of variations for

the geometry model using the IUE software, for instance, the number of hot spots with their
se2  relative activity concentration and sizes.

541

Variable entries for hot spot

giz-file name : |I_max_face‘| _240cm_5S.giz

D ata from the hot spot parameter and location fields not used far Sensitivite Analpsis

Hat Spot Parameters
Fandom hotzpots in model? =

Hat zpot location
Hows many? 1 b inirnum ~ S
uzse my inputs for the limits
F andom number of hotspots™? = Howe mar? 10 Masimum EHEE

Uniform distribution will be assumed to define the number of hot spots 7 anpwhere in container
= ,7 = arpwhere in defined layers

“iew Edit List of Parameters

Length Units - Dristribution Functions :

i 5] ] ] i
Undo Walidate |

| D escription | Itermn | Current | Lo | High | Units | Distribution
Source-Concentrated | 6.1 =50 250 2210 mm uniform
Source-Concentrated | 6.2 250 250 380 mm uniform
Source-Concentrated | B.3 250 250 380 mm uriform
Source-Concentrated | 6.4 Qa0 mm uniform
Source-Concentrated | 5 E5 mm unifarmn
Source-Concentrated | E.E ED mm uniform
Source-Concentrated | 6. Density 5.8938 gfem3
Source-Concentrated | B RelConc i} 10 uniformn

Figure 3.18: The entries for the hot spot parameter varied from 1 to 10 following a uniform

distribution. Additionally, the relative activity concentration of the hot spot is generated using
the uniform distribution within the limits [1,10].

sss The other feature of the IUE software is the simulation of multiple detectors that might be
s44 oriented opposite, facing, right and left to the item, as presented in Figure 3.19.

Detector Parameters and Scan Setting

gis-file name ||_max_fac51_24ﬂcm_5 giz

" Enable {
Detector 1 of 2 4= Delete Simulating continuous scan : sdd = sd2; 5d5 = ¢d3
_I _I Q " Enable a conlinuous scan
Detector Mame falcon2 Change

Steps per scan length

Additional nules for randomization
How many detectars 7 2 '

Dretector Orientation Relative To Sample ]
s facing " opposite 7 right ekt @)
Wiew/Edit List of Parameters
Length Units : Diiztribution Functions :
(] O L O e T e L L
R v
Undo Validate
| Description | Item | Current | Lo | High | Units | Diistribution
Source-detector =d1 2400 mm
Source-detector sd2 0 rarm
Source-detector 2d3 0 rarm
Source-detectar sdd 1} mm
Source-detector 2dB 0 rarm

|
\

Figure 3.19: The detector parameters such as number, type, position and distance detector -
source (item).
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3.3.2.H Activity calculations

The net peak area S is proportional to the radioactivity value. However, in order to calculate
the nuclide specific activity, it is necessary to correct the net peak area for the efficiency, yield
of the emitted nuclide gamma ray y, mass of the sample m, the acquisition time 7" and decay
correction factor K, (see Section 3.3.2.F).

Hence, an approximate formula of the specific activity, at a given date and time, is given by
Equation 3.19

S

Specific Activity = B 7
€peak . . y -m - w

(3.19)

Equation 3.19 does not account for the decay during the acquisition time. If the acquisition time
is a significant fraction of the half-life of the radionuclide being measured, this equation does
not provide an accurate result. For such a situation, the correction factor for the radionuclide
during the acquisition time, K. should be included. The formula for the calculated specific

activity at the beginning of the acquisition is given by [24]

S
Gpeak'T'y'm'Kw'Kc'

Specific Activity = (3.20)
Additionally, some identified radionuclides, within the sample, might emit gamma-rays at ener-
gies that cannot be resolved by the HPGe detector. Hence, the gamma ray spectrum will present
peaks that can be attributed to one or multiple radionuclides. As an example, we could con-
sider the case in which a sample contains Co-57, Se-75, and Hg-203. Table 3.7 presents the

gamma-rays energies and corresponding intensities of these radionuclides.

Table 3.7: Examples of radionuclides with their energy peaks that can interfere.

Radionuclide Energy [keV] Intensity [%]

122.06 85.60
Co-57

136.47 10.68

121.12 17.20

136.00 58.30
Se-75 264.66 58.90

279.54 24.99

400.66 11.47

Hg-203 279.20 81.46
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In this case, the spectrum would contain 5 peaks centered around following values: 122, 136,
264, 279, and 400 keV. The 122 keV peak would be due to contributions from Co-57 and Se-
75. Similarly, the 136 keV peak would be due to contributions from Co-57 and Se-75. The
264 and 400 keV peaks would be due to Se-75 only; while the 279 keV peak would be due to
contributions from Se-75 and Hg-203. Hence, in order to account for this effect, one needs to

add an interference correction to Equation 3.20 [24].

3.3.201 Minimum Detectable Activity calculations

The estimation of the MDA values in the NDA technique is required in order to guarantee
the ability of the NDA technique to measure activity values of ETM above the corresponding
declaration thresholds [22]. Calculations of the MDA involve statistical methods of classical
hypothesis testing [81]. There are two hypotheses: the detected signal originates from the blank
observations or it is real. The expected statistical distribution in a counting process might be
Normal for a sufficiently large number of counts. Therefore, we can establish the MDA at a
specified confidence level for error probabilities « (false positives) and [ (false negatives).

The MDA calculations for a given radionuclide, at the 95 % confidence level is based on Currie’s

derivation [53]. Currie’s method is based on two concepts;

1. Critical Limit L is defined as the blank signal, which has a probability of 1- « not to be
detected, given by Equation 3.21
Lo =k - 00, (3.21)

where o is a standard deviation of the blank signal distribution and k,, is the abscissas of
the Normal distribution corresponding to the probability level 1-a¢ . Lo depends on the

fluctuation of the observed signal when the radioactive sample is not present (blank).

2. Detection Limit L, is the smallest true signal, detected with 1- 3 probability, while having
a probability of « that true blank signal is determined to be detected (above the L) as
shown in Equation 3.22.

Lp = L¢ + kgop, (3.22)

where o is the standard deviation of the true signal distribution for L.

A common case where « and 3 values are both taken to be 0.05, then k.= kz=k=1.645. Then,

the L expression cab be reduced to (see Equation 3.23)
Lp =k +2Lc = k* + 2koy, (3.23)

Equation 3.23 can be approximated as shown in Equation 3.24

Lp ~ 2.71 + 3.29v2C = 2.71 + 4.65/C, (3.24)
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where L increases with continuum counts C. Figure 3.20 depicts the concepts of Lo and L p.

Blank Signal Ly

Probability

Counts

Figure 3.20: The representation of L and L showing the first (o) and second kind (/3) errors.
Adapted from [24]

In gamma spectrometry, to convert the L value to MDA, we need to take into account addi-
tional factors, such as the full energy peak efficiency €., live time of the acquisition T, yield
of the emitted nuclide gamma ray y, mass of the sample m and decay correction factors K, and
K. (see Equation 3.20).

Hence, the MDA value of the specific activity is defined in Equation 3.25 [24]

Lp

MDA = .
6peak'ir'y'rn'[(w'[(c

(3.25)

The computed MDA values, for a blank sample with no activity, are an a priori estimate of the
best sensitivity that can be expected from true sample measurements. For an actual sample, the
computed MDA a posteriori (for continuum), will be higher than the a priori estimate due to

interference and Compton scattering from other nuclides present in the actual sample [2].
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3.3.3 Radiochemical analysis of the samples

This section gives a brief overview of the radiochemical analysis techniques, which we use to
measure the specific activities of the DTM radionuclides in the waste samples (pure 3-emitters,
low-energy ~-rays and X-ray emitters), which can not be measured directly via NDA tech-
niques. Using DA techniques allows the establishment of the experimental SFs (detailed de-
scription of SF method is in Section 3.4).

The radiochemical measurements are carried out on samples taken from a waste population,
which is described in Section 2.4. Those sample measurements are performed by external
laboratories [74]. We here describe the radiochemical measurement techniques, which are most
frequently used in the laboratory of Jacobs?! [33] for the radionuclides of interest, such as H-3,
Fe-55 and Ni-63.

3.3.3.A Sample preparation

The sample preparation is essential for both accurate and reproducible analysis results [114].
The metallic samples are reduced in size if required. The process can involve digestion in
mineral acids as a first step before being submitted for further analysis, such as gamma spec-
trometry, Fe-55 and Ni-63 [33].

The measurement of tritium is based on the pyrolysis method, in order to isolate H-3 from the
matrix and also separate it from the potential interfering radionuclides such as C-14 or S-35
[44].

3.3.3.B Analytical methods

The radioactivity of the ETM radionuclides are estimated using the high energy resolution
gamma spectrometry technique. The analyses are conducted using high-purity germanium de-
tectors, coupled to MCA for gamma spectrum acquisition. The spectrum analysis steps include
peak search and area calculations, background subtraction, efficiency calibration and activity
calculations with a validated radionuclide library.

For the measurement of Fe-55 activities in iron or stainless steel samples, Fe-55 is separated
from the prepared sample solution by solvent extraction using, e.g., di-isopropyl ether. The
purified iron fraction follows a further decolorization step. This step is critical to match the
calibration regime of the Liquid Scintillation Counter (LSC) instrument. Finally, the Fe-55
content is measured using the LSC analysis technique. The LSC is a common technique for the
measurement of pure beta emitting radionuclides and includes the radionuclides that decay by
electron capture. It has been applied in many aspects such as the characterization of radioactive
waste [70].

21 https://www.jacobs.com/, 16 March 2021



633

634

635

636

637

638

639

640

641

642

643

3.3. EXPERIMENTAL METHODS 73

In order to measure the Ni-63 activities in the samples, Ni-63 is separated by anion-exchange,
subsequently by the use of a nickel-specific resin. Finally, the prepared samples are measured
using LSC.

The pyrolysis method is designed to evaluate the total radioactivity of H-3 which combines both
of tritiated water (HTO) and organically-bound tritium (OBT). According to [33]:

"(...) The sample is burned in a two-staged catalytic pyrolyser, which consists of several inde-
pendently controlled furnaces. Through those furnaces, a silica tube, is inserted. The heated
catalyst that is carried by the latter half of the silica tube oxidises all forms of tritium to HTO
with high efficiency. The subsequent outlet is passed into a system of water bubblers where
the HTO vapour gets condensed and the tritium is exchanged with water in the bubblers. The

aliquot of the distillate is then measured using LSC to determine the tritium concentration (...)".
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3.4 Scaling factor (SF) formalism

The Scaling factor method is a technique for evaluating the radioactivity concentration of DTM
and I'TM radionuclides that exist in the radioactive waste. International Atomic Energy Agency
(IAEA) and International Organization for Standardization (ISO) provide the theoretical justi-
fication of the SF method that can be found in [14],[18] and [73]. The SF method can be widely
applied in nuclear power plants, nuclear facilities, and particle accelerators to radiologically
characterize radioactive waste.

The applicability of the SF method relies on a correlation between radionuclide activity values.
Often, it is convenient to correlate a given pair of DTM and KN radionuclide activities with
similar production mechanisms and physiochemical characteristics. During the establishment
of the scaling factors, one needs to apply statistical methods for checking the existence of such
a correlation.

The correlation between DTM and KN in a waste package is established either via measure-
ments or analytical calculations such as ActiWiz (see Section 3.2.2). The measurements can
rely on DA (for H-3) or NDA techniques (for Co-60) with adequate detection limits. The
establishment of the experimental scaling factor distributions, requires the collection of a rep-
resentative sample set taken from the waste population. The sampling strategy for LL/IL waste
produced at CERN is based on the knowledge gained from previous studies carried out for
VLL waste [121]. The analytical calculations need to rely on appropriate physics models and
sufficiently accurate knowledge of the chemical composition and activation scenarios. Finally,
one needs to consider any physiochemical behaviour (such as diffusion) that could affect the
migration of radionuclides within the waste.

The SF of the sample n; collected in a waste is given by the ratio of the activities of the DTM
and KN,

SF, = IDTM;. (3.26)

The radionuclide activity concentrations are often distributed over a range spanning several
orders of magnitudes. There are two main methods to calculate the mean values of the SF.

An arithmetic mean is calculated as shown in Equation 3.27. For a large variation of the indi-
vidual values averaged, the arithmetic mean can propagate a weighted value towards the higher

values and can be inappropriately skewed.

1 n
SF = ;(SE). (3.27)

Whereas, a geometric (or log) mean can be expressed as the exponential of the arithmetic mean

of logarithms. This method reduces the effect of extreme or outliers values. The geometric
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scaling factor is defined as follows in Equation 3.28

SF = exp (% Z ln(SE)) : (3.28)
i=1

The radioactivity of the DTM radionuclide is estimated by multiplying its corresponding SF
by the activity concentration of the KN. The average SF is calculated as a geometric mean (or
arithmetic mean) from the analyzed values assuming a linear relationship between the KN and

DTM nuclides. The general formula of the linear model can be determined as follows [122].
apri; = Bo + 31 X QKN (3.29)

where Bo and 31 are the model parameters estimated from the n samples collected from the waste
population and ag y, is the measured radioactivity of the key nuclide in the ith waste package.
In Equation 3.29, the intercept Bo is usually set to zero following the hypothesis®* that either
both KN and DTM have an activity different from zero or both have an activity equal to zero.
The slope B, represents the estimated scaling factor from the linear model built from the values
of n samples collected. Information about the SF’s applicability can be supported by involving
common statistical tools, such as the coefficient of determination in multiple regression”, R?
[9] or Student’s test and Fischer-Snedecor’s test to validate the linear relationship for KN and
DTM radionuclides.

More complex mathematical relationships between key nuclides and DTM nuclides can be mod-
elled by methods such as linear regression of logarithms of the measurement data, which can

be applied to non-linear relationship between pair of radionuclides KN and DTM [73]).

22 this hypothesis may not be true especially when the radionuclides have a large difference in half-lives and one
of them is completely decayed.

23 or correlation coefficient (CC), typically values of the CC above 0.6 have been taken to indicate evidence of
significant positive correlation.
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3.5 Radiological characterization workflow

This section presents the general overview of the radiological characterization process devel-
oped at CERN for LL/IL, metallic waste that will be subjected to melting prior to final disposal.
The process is depicted in Figure 3.21.

The initial step Define the radioactive waste relies on the definition of a waste population
intended for elimination. Within the scope of this thesis, the waste population is composed of
mostly legacy, solid metallic waste.

Next, we collect information about the waste population based on the key parameters listed by
IAEA. That information is needed in the next steps of the radiological characterization.

The key parameters®* for the the radiological characterization include:

physical state;

volume, mass and dimensions of waste items;

origin of the activity (contamination or activation);

radiological profile: e.g. irradiation ¢; and cooling t. times.

In order to predict the radionuclide inventory (step Predict the radionuclide inventory), we
carry out analytical calculations using ActiWiz (see Section 3.2.2). In the case of legacy waste,
we need to predict unknown parameters required for the analytical calculations. For instance,
for undefined cooling time t., we consider a set of potential cooling times, which vary from 3
years up to 30 years. As a result of this step, we can establish a list of expected radionuclides,
which can be classified as ETM (including KN), DTM or ITM. Additionally, we can establish
CFs for the ITM radionuclides.

The following step Pre-select uses an experimental dose rate threshold for pre-sorting waste
into either VLL, LL/IL "other" (not considered for the melting in the future) and LL/IL. "MAST",
where the latter is considered for further selection as LL/IL waste candidate for melting within
the ongoing Melting of Activated STeel (MAST) project [48]. Subsequently, for every sampling
campaign, a representative sample set is collected from the waste population (step Collect sam-
ples). The collected samples are subjected to radiochemical analysis techniques (see Section
3.3.3). The objective is to establish the SFs for the DTM radionuclides (see Section 3.4). The
entire process to establish the SF for the DTM radionuclides might be long and challenging, in
order to collect representative samples from the waste population. Within the present thesis, the
estimation of DTM activity values is based on the SF established for VLL waste.

The Select step defines an operational method that can estimate the total beta-gamma specific

activities of pre-selected waste items (see Section 4.1). This method is deployed in order to min-

24 The key parameters for unconditioned waste are listed in Table 2.1
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imize the number of gamma spectrometry measurements of the pre-selected items, by further
reducing the probability of a mistake during selection.

When the waste package is formed based on the selection method (see Chapter 6), we analyze it
in order to be eliminated (step Analyze waste package for elimination). This step corresponds
to the NDA measurements (step NDA measurements. Establish ETM specific activity) car-
ried out in the gamma spectroscopy facility at RWTCS.

As shown in Figure 3.21, the ETM(KN) specific activity is established via gamma spectrom-
etry analysis (see Section 3.3.2). Hence, we can obtain the specific activities of DTM and
ITM radionuclides by multiplying the specific activity of the KN with the established SFs and
CFs corresponding to identified radionuclides DTM and ITM (step Quantify DTM and ITM
specific activity).

The final step presents the possible applications that are based on the specific activities obtained
previously. For instance, we can calculate the total beta-gamma specific activity with the associ-
ated uncertainty. The total beta-gamma specific activity needs to satisfy the acceptance criteria
of the melting facility.
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Figure 3.21: The radiological characterization process developed for LL/IL waste at CERN that will be subjected to melting in the future.
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Chapter 4
A novel Non-destructive Assay technique

The process of the radiological characterization of radioactive waste consists of a series of
radiation measurements, complemented by analytical studies. The objective of performing such
analyses is to quantify the activity of radionuclides inside the waste item.

First, we introduce a methodology that allows the quantification of the specific activities of Co-
60 and other beta-gamma emitters within a waste package using the SF approach (see Section
5.3.4). This is based on the measured average dose rate mapping at 40 cm from the individual
waste items that will be packaged inside the waste container. We provide an experimental
correlation between the ratio of the specific activity of Co-60 and the average dose rate as a
function of apparent density of the waste item. This methodology is valid under the assumption
that Co-60 is the dominant gamma emitter (referred to as KN) in the waste item, where the
decay time is more than 3 years. The objective is to evaluate whether the individual waste
item processed in the selection phase has a total specific beta gamma activity lower than a
certain threshold, e.g. 20 kBg/g for the melting. The methodology is validated using gamma
spectroscopy techniques with a geometry model optimization formalism for waste packages
(see Section 5.5).

The quantification of the gamma emitters (ETM) is typically performed by gamma spectrom-
etry, under the assumption of homogeneous activity distribution within an item. However, due
to the activation mechanisms, some waste can have heterogeneous activation patterns. In this
chapter, we describe the qualification of gamma spectrometry measurements of LL/IL waste in
order to quantify the impact of assuming homogenous distribution of activity. The qualification
is a process used to assess the capacity of a model to predict physical quantities within a set of
assumptions. Qualification studies [64] [55] have shown the effect of varying geometry model
parameters on the efficiency calibration curves and the activity results.

Section 4.2 briefly describes the measurement conditions that relate to both the acquisition and
analysis parts of the In-Toto gamma spectrometry of LL/IL waste. Second, we present the
geometry optimization technique in order to improve the accuracy of the activity values (see
Section 4.3).
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Finally, Section 4.4 focuses on the qualification of gamma spectrometry, including the char-
acteristics of the assayed LL/IL waste, the impact of the various geometries on the efficiency
calibrations, and geometry optimization activity results. Additionally, the activity qualification
approach is presented in Section 4.4.3, in order to identify the "best model" that describes the

activity values of the measured item.
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4.1 Selection phase criteria of the MAST waste items

In the selection phase, the process includes a step to fill a MAST container (either 2.7 m? or
4 m?) preparing it for further analysis in view of its transport to the melting facility. Hence,
we propose an intermediate step between pre-selection and the gamma spectrometry analysis of
the MAST waste package. We introduce an operational method that can estimate the total beta-
gamma activity of pre-selected waste items based on the measured Average Dose Rate (AVG-
DR) and apparent densities. We establish a correlation between the ratio of the Co-60 specific
activity and the AVG-DR as a function of the apparent density. The Co-60 specific activity
is estimated using gamma spectrometry, the AVG-DR is measured using both scanning and
multiple points around the waste item (at contact, 10 cm, and 40 cm) while the apparent density
is estimated by taking the ratio between the item’s mass and the apparent volume envelope.

For 35 individual waste items, we performed gamma spectrometry analyses and the correspond-
ing AVG-DR measurements. The gamma spectrometry acquisition and analyses are carried out
using a High Purity Germanium detector (Falcon 5000 HPGe) in a dedicated area of the RWTCS

as shown in Figure 4.1.

Figure 4.1: Gamma spectrometry setup for In-Toto measurement of the bulky pipe CR-015901.

The item-to-detector distance is selected in order to have a maximum allowed dead time of
less than 15 % for all measured waste items. The acquisition live time varies from 10’000 to
72’000 seconds for bulky items. For hollow items, the acquisition live time is set to 10’800
seconds. Dose rate measurements are carried out using the Dose Rate Meter 6150AD 6/H>
with the measuring range from 0.1 xSv/h to 10 mSv/h and the energy range from 60 keV to
1.3 MeV. We perform two types of AVG-DR estimations. The first approach is based on the

%5 https://www.automess.de/assets/documents/en/Prospekt_6150AD_E.pdf, 1 May 2021
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collection of several measurement points depending on the waste size and shape. In general,
dose rate mapping is done for three distances; at contact, at 10 cm and at 40 cm from the
outer surface of the waste item. Additionally, we complete these measurements by scanning the
entire object at contact and at 40 cm distance. We use the option of the device that we collect
the average value of the dose rate, which allows us to record the dose rate more accurately. This
is a complementary measurement for long pieces with the highest dose rate differences across
the waste item. For the ion pumps that produce magnetic field, we used the RadEye?¢ device
from ThermoFisher Scientific, which was tested in the presence of magnetic field strengths up
to 300 mT [42]. The background dose rate at the measurement area varies between 0.07 and 0.1
1Sv/h. We show the formulas that enable us to estimate the specific activity of Co-60 with dose
rate measurement at contact, at 10 cm and at 40 cm from the outer surface of the waste item.
This estimation of the KN allows calculations of the total beta-gamma activity of individual
waste item using the SFs listed in Table 5.3. For each AVG-DR measurement distance, we
produce a curve of the ratio between the Co-60 Specific activity and the AVG-DR as a function
of the apparent density as shown in Figure 4.2. A fit is performed for each data set to produce a

penalizing fit function at the 50% confidence level.

Penalizing fitting: ActivityCo-60/Avg Dose rate= 0.62 /Apparent density +2.07
R?=1

12
!

. ---- Fitting e Hollow
: ---- Penalizing ¢ Other
- A Container

' lon pump

10

8
!

Ratio Specific Activity of
Co—-60/ DR @ contact
6
|

0.5 1.0 1.5 2.0
Apparent density [g/cms]

(a) Specific activity of Co-60/Average dose rate at contact as a function of apparent density. The fit (red
line) is ActivityCo-60/Avg Dose rate= 0.59/Apparent density+1.52, R?=0.93

26 https://www.thermofisher.com/order/catalog/product/4250671#/4250671, 1 May 2021
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Penalizing fitting: ActivityCo-60/Avg Dose rate= 0.97 /Apparent density +4.58
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(b) Specific activity of Co-60/Average dose rate at 10 cm as a function of apparent density. The fit (red
line) is ActivityCo-60/Avg Dose rate= 0.86/Apparent density+3.80, R?=0.70

Penalizing fitting. ActivityCo-60/Avg Dose rate= 5.26 /Apparent density +17.31
R?=1
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(c) Specific activity of Co-60/Average dose rate at 40 cm as a function of apparent density. The fit (red
line) is ActivityCo-60/Avg Dose rate= 5.07/Apparent density+12.31, R?=0.92

Figure 4.2: The ratios of the specific activity of Co-60 and AVG-DR at three distances: at
contact, at 10 cm and 40 cm as a function of the apparent density. The data points represent
the measurements (gamma spectrometry and dose rate mapping) for hollow (e.g. pipes), ion
pumps, container and other waste item considered as MAST LL/IL waste candidates.
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72 Equations 4.1a-4.1c present the penalizing functions to estimate the specific activity of Co-60.

0.62
Activity Co-60 (Bg/g) = - +2.07| - AVG — DRQcontact, (4.1a)
Apparent density( %)
.. 0.97
Activity Co-60 (Bg/g) = - +4.58| - AVG — DRQ10cm,  (4.1b)
Apparent density( )
Activity Co-60 (Bg/g) = 026 +17.31| - AVG — DR@Q40cm 4.1¢)
vy vE = Apparent density(-L3) ' ' ’

73 Instead of performing gamma spectrometry measurements of each item, we deploy a compu-
74 tation, where a function consists of two input values: the average dose rate AVG-DR and the
75 apparent density. Taking into account radiation protection dose optimization objectives and the
76 inherent averaging properties of far dose rate measurements, we recommend implementing the

77 selection criterion methodology that is based on the 40 cm distance.
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4.2 Gamma spectrometry assay setup of LL/IL waste

Gamma spectrometry is a commonly deployed technique at CERN to quantify the residual
activity of gamma emitters in various items, ranging from small volume samples in a laboratory
to large items such as unitary blocks or waste containers. Gamma spectrometry occupies an
important role in the radiological characterization process of LL/IL waste at CERN. Gamma
spectrometry measurements on LL/IL items present a number of challenges during both the
acquisition and the analysis steps. The former challenges relate to the high counting rate effects,
long counting time required to meet the MDA requirements, available physical space, and the
necessity to count from multiple faces. The latter challenges are due to the difficulty to model
the geometry and combine the multiple counts results.

The available space at the gamma spectrometry laboratory at CERN and also the waste package
dimensions limit the waste-to-detector distance. This leads to performing the acquisitions at
higher counting rate and dead times. An example of the counting setup is illustrated in Figure
4.3.

(a) Gamma spectrometry setup for mea- (b) Gamma spectrometry setup for measurement of
surement of waste. The maximum con- container filled with ion pumps. The maximum
tact dose rate of the presented waste is contact dose rate of the container is above 250
400 pSv/h. In order to obtain a dead time pSv/h. Due to space limitation, the maximum dis-
below 10%, the distance detector-waste is tance detector-waste is about 1.5 meters resulting in
set at 3 meters. dead time of 24 %.

Figure 4.3: Gamma spectrometry setup at RWTCS laboratory for measurement of radioactive
waste.

A significant parameter of the acquisition step is the system dead time (detailed description can
be found in Section 3.3.2.D). In order to avoid gamma spectrum distortions, we seek to limit the
dead time value up to ~ 15% nominally. However, the dead time could be higher, as indicated

in Figure 4.3b where the dead time reached 24% due to insufficient space around the waste item.
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We also need to set the acquisition time and the geometry in such a way as to ensure that the
MDA values are below the LL/IL waste declaration thresholds for the expected ETM radionu-
clides. Table 4.1 presents an example calculation of the MDA values for Co-60 radionuclide
during the acquisition of typical waste: a pipe (Figure 2.4b), an ion pump (Figure 2.4c), and a
container 2.7 m? (Figure 4.3b).

Table 4.1: Calculated MDA values for the acquisition live time of 10 000 seconds for different
types of waste.

. e ; ] LL/IL Declaration
Waste code Description Radionuclide MDA [Bq/g]
Threshold [Bq/g]

CR-018150 Pipe Co-60 0.38 10
CR-120640 Container 2.7 m? Co-60 0.09 10
CR-006532 Ion pump Co-60 0.13 10

When selecting the LL/IL to be measured by gamma spectrometry, one needs to take into ac-
count the As Low As Reasonably Achievable (ALARA) [56] principle. Occupationally exposed
personnel at CERN are classified into two categories in terms of the dose limits (details can be
found in [60]). It is a priority at CERN to apply the ALARA principle: this covers the justifica-
tion of exposure, the optimization of collective and personal doses as well as the limitation of
received doses. At CERN more than 99% of users equipped with a personal dosimeter receive
less than 1 mSv effective dose/year. To achieve this goal, the maximum dose rate at contact of
the LL/IL items in the elimination campaigns is limited to 1mSv/h.

Another challenge when performing the gamma spectrometry measurements and analyses is
the case of highly attenuating waste. Such a waste is more prone to higher geometry modelling
uncertainties, due to its geometry parameters that might not be well known, such as material
composition, density, and dimensions.

In addition, in the case of a large activity heterogeneity within the waste, some radionuclides
might not be identified on one face, despite their presence and identification on another face.
Hence, in order to improve the accuracy of the activity estimation, we propose performing
gamma spectrometry measurement of multiple faces. The number of measurements will depend
on the dimensions and activity distribution of the waste. Multi-faces measurements are shown
in Figure 4.8.

A significant step in the gamma spectrometry analysis involves using the software package
ISOCS in order to model the geometry of waste. However, for waste with heterogeneous activity
distribution and various shapes, ISOCS offers limited functionalities. This limitation leads to
larger uncertainties in the activity estimation results. To overcome this limitation, we developed

a new methodology described in Section 4.3
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4.3. GEOMETRY OPTIMIZATION TECHNIQUE FOR IMPROVED EFFICIENCY
CALIBRATIONS

4.3 Geometry optimization technique for improved efficiency

calibrations

Activated components can be removed from the accelerator complex at CERN for maintenance,
or dismantling. Such operations require characterization in view of the further disposal as ra-
dioactive waste. The characterization process consist of radiation measurements, complemented
by analytical studies, which quantify the activity of radionuclides inside a given activated item.
Within the present thesis, we consider a fraction of metallic radioactive waste without contam-
ination with a dose rate higher than 100 uSv/h that can be classified as a LL/IL waste (see
Chapter 2). Due to the activation mechanisms, the waste can have significant variations in
activity distributions or heterogeneities.

When gamma spectrometry measurements are performed on waste, knowledge of the geometry
model parameters, including dimensions, position with respect to the detector, material compo-
sition, and activity distribution (hotspots) is often limited, especially for the two last parameters.
The uncertainties related to activity distribution are described in [80]. Additionally, [46] focuses
on the uncertainties that correspond to dimensions, material composition etc.. The ISOCS tool
(see Section 3.3.2.F) allows the computation of the full energy peak efficiencies for each waste
item (or sample) in order to estimate the activity values of the waste without using radioactive
sources standards at the laboratory. The associated uncertainties of the ISOCS efficiency values
take into account only the uncertainties due to the numerical approximations, peak area statis-
tics and emission intensity values. However, performing the gamma spectrometry analysis, the
gamma emitters (ETM) are quantified under the assumption of homogeneous distributions of
activity within a measured waste. This assumption might lead to underestimating the activ-
ity values of the identified ETM radionuclides. In order to determine the uncertainties of the
measured activities, due to waste geometry parameters, such as dimensions and heterogeneous
source distribution, a tool called Geometry Uncertainty Reduction Utility (GURU) has been
developed [63]. This tool consists of two modules. One quantifies the geometry model uncer-
tainties and the other reduces them by combining the gamma spectrometry results in order to
identify the best estimate model that best describes the "actual" geometry of the waste.

In the case of a heterogeneous distribution of the activities within the waste, various hotspots can
be positioned inside the geometry model. However, modelling the hot spots in ISOCS using the
Complex Box template is limited to a single hotspot in the model. Conversely, IUE (see Section
3.3.2.G) enables modelling multiple hotspots. Nevertheless, those hotspots within the model
are limited to a single relative activity concentration value for all hotspots. To overcome those
limitations when performing a quantification and reduction of the uncertainties for multiple hot
spots with a different relative activity concentrations that can be present in the model, we use
the GURU DataAnalyzer/SpectroMatcher framework [63].
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4.3.1 Estimation of efficiency calibration uncertainties

The geometry parameters are often not well known. In order to quantify the most influencing
parameters of the model, we perform a sensitivity analysis. Based on this, we can focus on the
parameters whose impact on the efficiencies and associated activities are negligible. In addition,
we can identify trends of efficiency variation trends.

The DataAnalyzer is a module in GURU that relies on multiple analysis results extracted from
ISOCS and IUE. Within this module, one can deduce the most sensitive parameter(s) by vary-
ing One-factor-At-a-Time (OAT) or allowing them to change simultaneously for performing
uncertainty analysis.

Considering the sensitivity analysis by perturbing One-factor-At-a-Time (OAT), one can as-
sume an initial model as the reference model (also called "ref model"), which is based on the
ensemble of geometry parameters and the corresponding uncertainties. The variation intervals
of the efficiencies are established using a specific distribution of the waste geometry parameters.
During the perturbation process, the geometry parameters are sampled within the interval limits
using a sampling distribution such as uniform or normal.

The variation of the efficiencies for a variety of the geometry model parameter is calculated

using Equation 4.2a

6modeli(?u E) - 6refm0del<ya E) - 867 (423)

where €041 ; Tepresents the efficiency of model i at energy E and €ef moqer 1S the efficiency of the
reference model at energy E. Y is a vector of variable model parameters (X, ... X;, ... X},). Oe

is an absolute efficiency variation. Equation 4.2b represents a relative efficiency variations Oey.

6modell ? E
} - 1 — 86%
€ref model E

Based on Equations 4.2a, one can determine the relative sensitivity S, of the efficiency € to a

(4.2b)

model parameter X given in Equation 4.3 .

Oe
i = X0 (4.3)

The sensitivity indicates whether parameter Xi significantly impacts the efficiency value. How-
ever, one has to bear in mind that the uncertainties can be high for parameters with low impact.
Therefore, Equation 4.4 describes the relative change of the efficiency as a result of the uncer-

tainty propagation.

86 86 . 6 T
ZZ % %;° Xi)o(Xj)r; = SSMSS . (4.4)

Oe
Where 5%
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&9

respectively the uncertainty of the parameters Xi and Xj and r; ; is the Pearson correlation

between Xi and Xj. M is the variance-covariance matrix.

4.3.2 Reduction of efficiency uncertainties

By varying the geometry parameters, a set of perturbed efficiency calibration curves is pro-
duced. These curves are used to evaluate activity results as a function of the geometry pa-
rameters. In order to perform an optimization (i.e. determine the best geometry models), the
following constraints should be fulfilled [45].
Multi-count consistency is the requirement that multiple gamma spectrometry measurements
carried out at different locations should give the same value of the measured activity of the item.
Additionally, the calculated activity values for each emission line of a radionuclide should be
consistent.
Those constrains are exploited by the SpectroMatcher module in GURU. This module enables
correlating the efficiencies of all faces. We can correct the known activity values of reference
model by the efficiency ratio, as presented in Equation 4.5, where A%(j) is the calculated ac-
tivity for the radiocuclide with emission j using model i for the face k. A*, £ ) represents the
calculated activity with the reference model. The efficiencies €, (E) and €} (E) correspond to
the reference model and model i at energy E of emission j from the face (detector) k.
k
Vi, g, k. Aj(j) = E”Z’Eg)A’:ef(ﬁ (4.5)

€

Based on Equation 4.5, we can calculate the activity values for each radionuclide with emission
J, model and face.

Hence, we can match the activities between different faces and identify the best models that
better describe the "actual" geometry, based on combining the different gamma spectrometry
results. This method uses the Figure of Merit (FOM)s that quantifies the consistency between
activity values obtained from multiple countings, or obtained from multiple gamma-lines emit-
ted by the same radionuclide. The FOM is determined in Equation 4.6 for each gamma emission
j and model i.

K
FOM;(j) = Y J(AF(j)— < Ai(j) >)* (4.6)

k=1

Where, < A¥(j) is the activity of the radionuclide with associated gamma emission j using
model i for face k.

< A;(7) > is the average over K faces for emission j using model i, which is defined as <
Aj) >=yp, A0,

The user needs to select the gamma lines of interest, among the ones identified in all faces of the

gamma spectroscopy measurement results. Then, one can calculate a Rank (as given in Equation
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4.7) for each gamma emission line and model by summing the sub-ranks (subRansz ) according
to the FOM value. Namely, the sub-rank subRank;f is obtained by ranking the FOM;(j). Hence
for all models n, the best model for each gamma emission line is assigned to a sub-rank # 1, the

second best to # 2, etc..

J
Rank; = Z subRankf ) “4.7)

=0

Where J is the number of common gamma emission lines formed for each face. The model with

the minimum Rank; is considered as the best model.

4.3.3 The hotspots formalism

In this section, we introduce the hotspot formalism. In the case of a significant heterogeneous
activity distribution within the item, one can expect various hotspots with different relative
activity concentration. With the ISOCS limitations where only a single hot spot can be modeled
in the geometry and IUE that allows multiple hot spots but they are limited to a single relative
concentration, we use the GURU Data Analyzer framework [63] to overcome these limitations.
In order to simplify the formalism of N hotspots, we here consider a model with two hotspots.
The set of efficiency computations given by IUE corresponds to hotspots h1 and h2 as presented
in Figure 4.4. In the case presented in Figure 4.4, the total model is a combination of h1, h2 and
the # geometry model. The hotspots relative activity concentrations of the latter one are set to
0.

Referring to Equation 3.16, the efficiency €(F) is defined as a ratio of the number of counts N
recorded in the peak at energy E to number of photons C emitted by the source.

Hence, the total efficiency ¢ of the presented case is given by Equation 4.8.

Niotat Ny + Np1 + Nig 1 (N#O# . Np1Chy . Np2Cha

- Cy Ch Cha

otal = = = 4.8
Cotal Clotal Cy + Chi + Cho Cy + Chi + Cha ) “8)

From Equation 4.8, we derive Equation 4.9 that presents the efficiency of the total model con-

sisting of two hotspots.

E#C# + eh10h1 + EhQChQ
Cy + Chi + Cho

€total =

4.9)
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00

Total # hi h

Figure 4.4: Combination of hotspots geometry models in the "Complex Box" marked as a black
frame. Blue colour represents a volume inside the sample with a relative activity concentration
different from 0. White colour represents a volume inside sample with O relative activity con-
centration. Also, two shapes (circle and rectangular) represent distinct hotspots.

Do+DO+DO

It needs to be noted that the efficiency of model # cannot be directly calculated using IUE.

Therefore, IUE creates four (or 2N calculations if we consider N hotspots) calculations corre-
sponding to various representations of the model, denoted as h1, h2, tl and t2, as depicted in
Figure 4.5. The purpose of the GURU software is to combine those calculations and construct

the efficiency of the model that consist of N hotspots.

O o[t O+DO+DO O 0 (+3 0

: h ; h2 tl t2

Figure 4.5: Combination of hot spots models #, h1 and h2 in order to obtain t1 and t2.

The efficiency of models t1 or t2 is given by Equation 4.10

N, N. N, 1 N.C Ny, C
Etl:_tl: # 1+ Npp _ ( # #+ hl h1> (4.10a)
Ch Cy + Chy Cyp+Chp\ Cyu Ciy
Hence, . c
€Uy €n1Cnl
€1 = 4.10b
i C# + Ch1 C# + Ch1 ( )
Therefore, the efficiencies of models t1 and t2 are combined in Equation 4.11
Cy + e C Cy + epoC
€ + e = BT ML S T Cha k2 @.11)

C# + Ch1 C# + Che

In the specific case of C; = R;m;, where the relative activity concentration is not taken into
account [?;=1, the efficiency of # model can be reconstructed by extracting €4 and noting that
Cy + Cha = my + mpz = my; as shown in Equation 4.12.

1
- 2mey

€4 [er1me — €pampe + €My — €p1mp ], 4.12)

Afterwards, taking into account Equations 4.11 and 4.12, Equation 4.13 leads to the efficiency
of the total model with two hotspots.
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Ry
= lenmin — enaming + €2mya — €pimp] 4 €p1Chi + €420

4.13
Cy + Cp1 + Cho ¢-13)

€total =

Bearing in mind the general case of N hotspots within the activated object, the general theory
can be demonstrated in three steps.

Firstly, from Equation 4.9, we derive a formula that depends on # and N hotspots given in
Equation 4.14.

N
. e#R#m# + Zi:l ehiRhimhi
€total = N
R#m# + Zi:l Rhimhi

(4.14)

Then, by reconstructing Equation 4.12, the efficiency of model # on N hotspots and ¢; models,

we obtain Equation 4.15
1
N N
Ny [Zi:l (erimui — Zj:l,j;éi Etjmtj)]

(4.15)

€total =

Finally, the efficiency of the total model, that contains N hotspots, is given in Equation 4.16

Ry N N N
N 2int [Gtimti — D i1 thmtj} + 2 in1 enilnimai

Rymy + 3N | Rym,

€total = (416)
Where, each ¢;,i=1..N and ¢;;,j=1...N correspond to the number of IUE computations that
requires 2N hotspots.

Additionally, the validation of the hot spots combination that follows the new formalism pre-

sented above is detailed in [63].
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4.4 Qualification of gamma spectrometry assay results

We perform a gamma spectrometry qualification in order to evaluate the underestimation of the
real activity values of the radionuclides of interest, due to the assumption of a uniform activity
distribution within the waste. These uncertainties can be quantified by comparing a reference
model with an optimized experimental model considered as the "best model", which represents
the best knowledge we can have regarding a system. The qualification process is applied to

selected LL/IL waste, as described in the following sections.

4.4.1 Characteristics of the assayed LL/IL waste

The gamma spectrometry measurements are carried out in a dedicated area in RWTCS at CERN
equipped with a HPGe detector, Falcon 5000. The measurements of two bulky items (< 2 tons)

are performed on the four faces of each unitary piece, as indicated in Figures 4.6 and 4.7.

Face 3>

Face 2

Face 1
Dose rate at the 3B

center of face |

3B em

Fmo em

Figure 4.6: Gamma spectrometry setup for the measurement of waste items; the long iron block.
Faces are identified on the right schematic view.
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Face 3
Face 2 Face 1 Face 4
Hot spot, dose rate at E “
—

contact 400 pSv/h 106 cm
Dose rate at the center x

of face 280 pSv/h

80.5¢cm

50 cm

Figure 4.7: Gamma spectrometry setup for the measurement of waste items; the short iron
block. Faces are identified on the right schematic view.

275 The geometry description can be visualized and edited in the ISOCS Geometry Composer. A

276 three dimensional rendering of a representative geometry is shown in Figure 4.8

Figure 4.8: ISOCS geometry of the small iron block. The figure shows a combination of the
geometry models for four faces of the waste item.

277 The main acquisition parameters for the iron blocks can be found in Table 4.2

27s  For each each gamma spectrometry acquisition of each face (or count), we produce a set of
279 efficiency calibration curves, applying the "Complex Box" ISOCS geometry template. Addi-
250 tionally, for each face we consider a uniform source distribution in the material matrix and an

281 envelope geometry. The impact of an envelope geometry is presented in detail in Section 4.4.2.
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Table 4.2: Main acquisition setup parameters of the gamma spectrometry measurements as well
as maximum and minimum dose rate values measured at contact for unitary waste items.

Long iron block Short iron block

Maximum dose rate at contact (4Sv/h) 289 400
Minimum dose rate at contact (4Sv/h) 33 9
Distance detector-item (m) from 2.4 to 2.7 from 0.5 to 3.2
Dead time (%) from 8 to 9.3 from 4.1 t0 9.8
Acquisition live time (s) 50 000 from 10 000 to 72 000

232 Then, for each face, activity values are determined using the Genie 2000 Nuclide Identifica-
253 tion with the Interference Correction calculation engine. The multi-count activity ratios of the

284« reference geometry models are presented in Tables 4.3-4.4 for both iron blocks.

Table 4.3: List of identified radionuclides with their activities (relative uncertainties) for the four
faces of the unitary piece. The uncertainties are quoted at 10. The geometry model uncertainties
are not included. The mass of the item is 2200 kg.

FACE Co-60 [Bg/g] Na-22 [Bq/g] K-42<Ar-42 [Bq/g] Sc-44<Ti-44 [Bq/g]
1 2.03E+02 (5 %) 9.14E-02 (16 %)  1.72E-01 (11 %) 1.22E+00 (6 %)
2 1.84E+02 (5 %) 4.74E-02 26 %)  5.97E-02 (18 %) 3.91E-01 (8 %)
3 2.72E+02 (5 %) 2.40E-01 (10 %)  3.73E-01 (10 %) 3.16E+00 (6 %)
4 2.88E+02 (5 %) 4.27E-01 (7 %) 8.94E-01 (7 %) 6.71E+00 (6 %)
Activity ratio between faces 1 and 3 1.3 2.6 2.2 2.6
Activity ratio between faces 2 and 4 1.6 9.0 15.0 17.0

Table 4.4: List of identified radionuclides with their activities (relative uncertainties) for the
four faces of the unitary piece. Blank cells represent activity values found below the MDA and
which are neglected in this study. The uncertainties are quoted at 1o0. The geometry model
uncertainties are not included. The mass of the item is 2650 kg.

FACE Co-60 [Bq/g] Na-22 [Bg/g] K-42<Ar-42 [Bq/g] Sc-44<Ti-44 [Bq/g]
1 248E+02 (5 %) 4.83E-01 (10 %)  1.22E+00 (9.5 %) 8.49E+00 (6.2 %)
2 1.09E+02 (5 %) 8.08E-02 (29 %) 5.89E-01 (11 %)
3 1.62E+01 (5 %) 3.96E-03 (21 %) 2.86E-02 (8.5 %)
4 1.41E+02 (5 %) 1.15E-01 (7.5 %) 2.29E-01 (9 %) 1.60E+00 (6 %)
Activity ratio between faces 1 and 3 16 122 Not Applicable 297
Activity ratio between faces 2 and 4 1.3 Not Applicable 3 3

255 The obtained activity values using the reference models - for both the long and short iron blocks
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- show high activity ratios between the counts (between faces 1 and 3 or 2 and 4 ). The high
ratio values (reaching a factor of 300 for the short item) can be explained by the large activity
heterogeneities in the waste items. This effect can be also observed by measuring the contact
dose rate on each face, as shown in Table 4.2. Hence, we can deduce that measuring one face
with the assumption of a uniform source distribution might be insufficient to properly model

the waste geometry and compute the ISOCS efficiency calibration values.

4.4.2 Impact of the envelope geometry

The physical shape of the waste item might be irregular, as in the case of the two iron blocks.
Thus, we perform calculations to investigate the influence of different geometry configurations
on the activity results. Two geometry models are considered. The first model assumes the
maximum dimensions (maximum envelope) of the iron block. In the second approach, we
assume a smaller (or minimum) envelope volume. In addition, both geometry models have
homogeneous source activity distributions.

In Table 4.5, we summarize the dimensions of the envelope geometry models for both iron
blocks.

Table 4.5: Maximum and minimum geometry models of the analyzed waste

Object Volume cm?

Maximum envelope Minimum envelope
short iron block 50x80.5x106 45x75.5x106
long iron block 38x38x221 38x38x200

The ratios of the efficiency calibration values of the two considered models (maximum enve-
lope/minimum envelope) vary between 0.98 and 0.99 for gamma ray energies ranging from 45
keV to 3 MeV. Since, the activity is inversely proportional to the efficiency calibration value
(see Equation 3.20), we conclude that the maximum envelope model for long iron block over-
estimates the activities by about 2 %.

Respectively, for the short iron block, the ratios of the activity results of the two considered
models vary between 0.93 and 0.94 for the same energy range as for long iron block. The
maximum envelope model overestimates the activities by about 6 %. In both cases, we take
into account the maximum envelope geometry model as the reference model in the rest of the
present thesis.

The computed efficiency curves for the long and short iron blocks originating from the stochas-
tically perturbed models for the maximum and minimum envelope geometries can be found in
Appendix A.1
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4.4.3 Activity results qualification approach

Qualification is a process used to evaluate the capacity of a model to predict physical quantities
within a set of assumptions.

First, we want to assess the “real?’”

activity value within the waste item. For this purpose, we
perform the GURU optimization of the efficiency calibration models in order to compare the
reference model activities to the optimized models. Then, we want to quantify the uncertainties
originating from the reference model assumption, on the activity values. By the quantification
of uncertainties, we are able to construct correction factors applied to the activity values.

The aim is to quantify random errors and biases of a simplified geometry model. This is gener-
ally achieved by comparing a simplified reference model (model 0) with an optimized experi-
mental model considered as the “best model” which represents the best knowledge we can have
regarding a system. Based on the large set of perturbed geometry models with the PDF shown
in Figure 4.9, we construct a correction factor (1+CF(E)) to apply to the reference model and
to get an envelope activity value. This envelope value is identified with a confidence level of
97.5%.

The value of the correction factor (1+CF(E)) is determined in Equation 4.17, where CF(E) is
equal to the uncertainty B + ko represented by a systematic error, bias B and a random error,
standard deviation ¢ in relative values [75][76]. Reference Ay(E) (blue line) is the activity of

the reference model and A,(E) is the activity of the envelope model (yellow line).

Ao(E)(1 + CF(E)) = A,(E). (4.17)

271t means actual. Hence, we can only get close to the activity value, never get it right due to uncertainties
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Expectation value
PDF of

models
Real value

Reference model

Distribution with various
geometry models

————— _ Activity

. =| Confidence level ka ~ (Ba/g)

Bias B

Figure 4.9: Schematic representation of the parameters involved in the qualification process.

As a first step, we evaluate the best estimate of the real activity value (red line) knowing the ref-
erence model (uniform source distribution). Afterwards, based on the vast set of perturbed ge-
ometry models, generated with [UE with the PDF, we construct a correlation factor (1+CF(E))
to apply to the reference model and obtain an envelope activity value (see Equation 4.17).

The correction factor can be negative as the envelope model can be lower than the reference
model’s activity value. In that case, the envelope activity value is assumed to be equal to the
reference model value. Also, the real value can be located in anywhere in the statistical distri-
bution.

Considering the measurements of multiple faces, we estimate the average of the activity results
of opposite faces of the object. Equation 4.18 defines the relation between the reference model

and envelope average activity values.
(Aj + A3)(E)(1 4+ CF(E)) = A)(E) + AX(E). (4.18)

Where A)(E), AZ(E) and Aj(E) , Aj(E) respectively represent the activities calculated at

energy E for opposite faces 1 and 2 of the object using the envelope and reference geometry

models. Activity of A(E) or A2(E) etc. can be expressed by Equation 3.20 (see Chapter 3).

The correction factor for the average activity values over two opposite faces can be formulated

by the ratio of the efficiency calibration values of those two opposite faces as presented in

A3 (E)
1

Equation 4.19. The quantity R(F) = A5
0

is the activity ratio of two opposite faces obtained

with the reference model.
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4.4.4 Geometry optimization results

As mentioned in Section 4.3, within the ISOCS software, one computes the uncertainties, such
as counting statistics, corrections due to acquisition dead time or gamma emission probabilities
that contribute to the activity uncertainty. Additionally, in the present thesis, we focus on the
uncertainty originating from the geometry modelling, such as material composition, dimensions

and activity distributions.

4.4.4.A Distribution of efficiency calibration curves

IUE allows investigating the impact of the variations of one or more parameters of the item’s
geometry. The IUE software computes the efficiency values for energies ranging from 45 keV
up to 3 MeV for the analyzed waste items. Each ensemble of computed efficiencies consists of
1000 models for which the parameters are sampled using a uniform distribution. The relative

efficiency difference egc; pis¢ for each ensemble is given by Equation 4.20 [64]

€model i 1 = Aref model
€ref model Amodel i

€Rel.Diff = - L (4.20)
Where Ajef model and Amoger i are the activities of a radionuclide applying the efficiency calibration
curve of the reference and 1 models. €efmodel aNd €moger; are efficiencies using reference and i
models.

Equation 4.21 shows the corresponding standard deviation of the relative efficiency differences
for 1000 models generated in IUE.

1000
1

el.Diff) = A| Tane ) ERel.Diff — €Rel.Di 4.21

0 (€Rer.Diff) 1000;@% 1.Diff — €Rel.Diff 4.21)
The distribution of efficiency calibration curves is analyzed for each detector face and summa-
rized respectively for two iron blocks in Figures 4.10 and 4.11. For the long iron block, the
efficiency calibration curves are overlapped for detector pair 1 and 2 or 3 and 4, because of

similarity in the dimensions of faces and the source-to-detector distances.
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Figure 4.10: Relative efficiency difference (%) as a function of energy compared to the reference
model. The yellow envelope presents the range of efficiency variations. The orange envelope
describes the range of variations around the expectation value (red curve) at 1o.

An important bias is observed as compared with the reference model for very low energies
(e.g., -60% bias at 45 keV, with 15% standard deviation). When energy increases, the bias
is reduced to -20 % at 3 MeV (standard deviation is around 17%). The computed average of
efficiency curves which originate from models that have been stochastically perturbed, show
that the activity would be higher by a factor ranging from 1.3 for higher energies to 2.6 for
lower energies on face 3 and from 1.2 to 2.5 on face 1 in the energy range from 45 keV to 3
MeV. For characteristic gamma lines of commonly measured gamma emitters (Co-60, Na-22,
etc.) in steel and aluminium dominated waste, the activity would be higher by a factor of 1.3
when compared with the reference model (a discrepancy which is commonly acceptable for the

purpose of waste radiological characterization).
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Figure 4.11: Relative efficiency difference (%) as a function of energy compared to the reference
model. The brown envelope presents the range of efficiency variations. The orange envelope
describes the range of variations around the expectation value (red curve) at 1o.

For the short iron block, the important bias is of -85 % compared to the reference model. The
standard deviation is around 15 % at 45 keV. One can observe, that the bias is reduced to -50 %
at 3 MeV.

If we consider the measurement on each face independently, the most appropriate envelope
value could have a relative difference to the reference model of -99.64 % even at energies above
2 MeV. As a result, the envelope activity value would be around 300 times higher than the
reference efficiency for the same range of energies. Such results confirm that measuring only
one face of a heterogeneous waste item can result in radionuclides not being detected on that
one face, despite the presence and detectability on another face, as we can observe in the case
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of Na-22 in faces 2 and 1 of the sample unit (see Table 4.4).
Additionally, the activity values of the entire set of 1000 models are presented in A.2.

4.4.4.B Reference and optimized geometry activity results

The multi-count activity ratios of the reference and optimized geometry models are presented in
Figures 4.12 and 4.13. After geometry optimization the activity ratios converge to one, which
means that the activity value obtained by measuring two opposite faces is consistent. Within the
GURU framework, it is possible to vary the relative source concentrations of the hot spots (also
referred to as the contrast). The contrast value is estimated as the ratio of the highest and lowest
activities between the two opposite faces assuming a uniform source distribution. This quantity
represents an estimate of the relative activity concentration variation range of the hot spots [55].
During the optimization process, the contrast parameter was varied from 1 to 100 or from 1 to
200 depending on the heterogeneity of the assay item. Obtained activity ratios from the gamma
spectrometry measurements, with a uniform source distribution within the material matrix, as
shown in Figures 4.12 and 4.13 are between 1.3 (for Co-60) and 17 (for Sc-44<Ti-44) for the
long iron block and between 16 (for Co-60) and 297 (for Sc-44<Ti-44).

=
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Figure 4.12: Activity ratio for opposite detectors faces before and after geometry optimization
for the contrast ranging from 1 to 100 for the long item. The activity values after the geometry
optimization for two opposite faces are consistent.
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Activity ratio of two opposite faces for short iron block

Figure 4.13: Activity ratio for opposite detectors faces before and after geometry optimization
for the contrast ranging from 1 to 200 for the short item. The activity values after the geometry
optimization for two opposite faces are consistent.

Since the optimization is performed over two faces at a time, we opted for averaging the results
obtained for each pair of faces. The activity uncertainty of the average value is calculated as
the square root of the quadratic sum of uncertainties corresponding to each single face. This
ignores any correlations between activity values of each face. Table 4.6 below presents the
average activity values of the reference and optimized models over two opposite faces and four
faces for the waste items. We notice that averaging over four faces provides similar results
compared to averaging over two faces. We systematically observe that averaging over the most
active two opposite faces, leads to more penalizing results when compared to the four faces

average results.



Table 4.6: Average activity over the two opposite faces with the highest dose discrepancies and four faces with reference and optimized models.
Uncertainties are given at 1o. Note that the reference activity result uncertainties do not take into account the geometry model uncertainty due to
the less known parameters. N/A corresponds to unidentified radionuclides.

LONG IRON BLOCK
REFERENCE OPTIMIZED Ratio OPTIMIZED/REFERENCE
Two opposite faces Four faces Two opposite faces Four faces Two opposite faces  Four faces
Co-60 [Bq/g] 236E+02 (4 %)  2.37E+02 (3 %)  4.58E+02 (4 %) 4.1E+02 (3 %) 1.944+ 0.1 1.73 £ 0.06
Na-22 [Bq/g] 2.37E-01 (14 %)  2.01E-01 (8 %)  4.58E-01 (14 %)  3.55E-01 (8 %) 1.93+ 0.37 1.76+ 0.21
K-42<Ar-42 [Bq/g]  4.77E-01 (10%) 3.75E-01 (6%) 7.28E-01 (10 %)  5.67E-01 (6 %) 1.53 +0.21 1.51 +0.13
Sc-44<Ti-44 [Bq/g] 3.55E+00 (5 %) 2.87E+00 (3%) 5.22E+00 (5 %)  4.33E+00 (3 %) 1.47 £0.1 1.51 £ 0.07
SHORT IRON BLOCK
REFERENCE OPTIMIZED Ratio OPTIMIZED/REFERENCE

Two opposite faces Four faces Two opposite faces Four faces Two opposite faces  Four faces

Co-60 [Bq/g] 1.35E+02 (5 %) 1.3E+02 (3 %) 2.49E+02 (4 %) 1.91E+02 (3 %) 1.84+0.11 1.47+£ 0.06

Na-22 [Bqg/g] 2.43E-01 (10 %) N/A 1.79E-01 (12 %) N/A 0.73+ 0.11 N/A
K-42<Ar-42 [Bq/g] 1.55E-01 (10 %) N/A 2.59E-01 (10 %) N/A 1.67 £0.3 N/A
Sc-44<Ti-44 [Bq/g] 4.23E+00 (6 %) 2.66E+00 (4 %) 3.52E+00 (5 %) 3.29E+00 (4 %) 0.83 + 0.07 1.24+ 0.07

701
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The comparison of the reference and optimized model activity values for both assay items al-
lows us to select - as a final result - the values that correspond to the average of activities of
opposite faces with the highest dose rate difference. This choice leads to a more conservative
result. Even though, the dose rate ratio between opposite faces is approximately 2 (or 28) for the
long item (or the short item), the ratios of the optimized to the reference average activity values
are below a factor of 2 for Co-60. We conclude that the average of the uniform distribution
activity underestimates by a maximum factor of 2 (see Table 4.6). In order to be conservative,
we recommend establishing a safety factor represented as an additional systematic uncertainty
of 50% on the average activity values using the reference models. We draw the attention of
the reader that the above conclusions are confirmed only for bulky objects with attenuation

thicknesses that are above ~25 cm.

4.4.4.C Establishment of the envelope geometry model

We generate efficiency calibration curves with IUE and based on the qualification method de-
scribed in Section 4.4.3 and compute a set of envelope correction factors (CF) taking into ac-
count different contrast values and different energies from 45 keV to 3 MeV.

Figure 4.14a presents the ratio between the "best estimate" value and reference value for Co-
60 at 1173 keV for the long iron block. The ratio is 1.56 for the contrasts varies between
1-10 and 1.9 for the contrast between 1-80. The envelope to the reference values ratio is of
2.38 (contrast 1-10) and 6.89 (contrast 1-80). The optimized value is represented by the red
line, the expectation value is represented by the green line and characterizes the bias due to a
heterogeneous source distribution (B=exp.value-1). The envelope value is represented by the
yellow line and characterizes the random uncertainty due to a heterogeneous source distribution
(ko=pen.value-B).

As illustrated in Figure 4.14b, the contrast ranges from 1 to 80 leading to a maximum ratio

between the envelop and reference models of less than 10.
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Co-60, energy=1173 keV, contrast=1-10, faces 2 and 4 Co-60, energy=1173 keV, contrast=1-80, faces 2 and 4
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(a) Distribution of correction factors (1+CF(E)) normalized for the uniform distribution (reference model,
blue line) for Co-60, 1173 keV. For the contrast ranging from 1 to 10, the expectation value (green) is
1.43, optimized (red) 1.56, and envelope (yellow) 2.38. For the contrast from 1 to 80, the expectation
value (green) is 2.37, optimized (red) 1.9, and envelope (yellow) 6.89.

Sc<Ti-44, energy=1157 keV, contrast=1-10, faces 2 and 4 Sc<Ti-44, energy=1157 keV, contrast=1-10, faces 2 and 4
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(b) Distribution of correction factors (1+CF(E)) normalized for the uniform distribution (reference
model, blue line) for Sc<Ti-44. For the contrast ranging from 1 to 10, the expectation value (green)
is 1.44, optimized (red) 0.93, and envelope (yellow) 2.38. For the contrast from 1 to 80, the expectation
value (green) is 2.4, optimized (red) 1.6, and envelope (yellow) 7.05.

Figure 4.14: Distribution of correction factors (1+CF(E)) for Co-60 and Sc<Ti-44 radionu-
clides.
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For the short iron block, Figure 4.15 presents the ratio between the "best estimate" value and
the reference value. The ratio is 1.8 for Co-60 (the ratio of activities between faces 1 and 3 is
around 16 for the uniform source distribution model). Also, the ratio between the envelope and
reference models is of 7.05.

In the case of Sc-44<Ti-44, the ratio of the envelope CF and reference activity values is 73.57

for the considered contrast that ranges from 1 to 400.

Co-60, energy=1173 keV, contrast=1-25, faces 1 and 3 Co-60, energy=1173 keV, contrast=1-400, faces 1 and 3
- © - o
T o T -
a Bias=1.92 N° Bias=12.65
T3 ksigma=4.13 T 2 ksigma=59.92
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Average of the two faces, ratio over envelope/reference models Average of the two faces, ratio over envelope/reference models

Figure 4.15: Distribution of correction factors (1+CF(E)) normalized for the uniform distri-
bution (reference model, blue line) for Sc<Ti-44. For the contrast ranging from 1 to 25, the
expectation value (green) is 2.92, optimized (red) 1.8, and envelope (yellow) 7.05. For the con-
trast from 1 to 400, the expectation value (green) is 13.65, optimized (red) 0.8, and envelope
(yellow) 73.57.
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s In addition, Tables 4.7 and 4.8 present the envelope correction factor with a confidence level
a7 97.5% for both different shapes, such as the long and the short iron blocks.

Table 4.7: Envelope correction factors (1+CF(E)) to consider as a function of energy and source
distribution contrasts, for comparable shape and activity distribution of the long iron block.

Energy (keV) [1-10] [1-80] [1-100]

45 4.7 36.6 45.3
50 4.7 36.1 44.9
60 4.6 34.1 42.8
70 4.4 31.7 39.2
80 4.2 29.7 36.6
90 4.1 28.2 35.3
100 4.0 26.5 33.4
110 39 253 31.7
120 3.8 24.0 30.0
150 3.6 20.6 25.3
200 33 16.9 20.1
300 3.1 13.3 14.8
400 29 11.4 12.5
600 2.7 9.7 10.5
800 2.6 8.5 9.1
1000 2.5 7.6 8.1
1157 24 8.4 7.5
1173 24 7.1 7.4
1274 24 6.9 7.3

Continued on next page
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Table 4.7 — Continued from previous page

Energy (keV) [1-10] [1-80] [1-100]
1332 23 6.6 7.0
1500 23 6.4 6.8
1525 22 6.0 6.2
2000 2.2 59 6.2
2500 2.1 5.0 5.2
3000 2.0 4.5 4.6

The correction factor is valid for comparable shapes and activity distributions of the waste items.

For instance, the correction factors (for Co-60) differ by a factor of 3 (for the long iron block)
for contrast ranges of [1-10] and [1-100].

Table 4.8: Envelope correction factors (1+CF(E)) to consider as a function of energy and source
distribution contrasts, for comparable shape and activity distribution of the short iron block.

Energy (keV) [1-10] [1-25] [1-50] [1-100] [1-200] [1-400]
45 4.7 10.6 21.3 42.8 83.9 165.6
50 4.6 10.6 21.0 42.0 82.5 162.9
60 4.5 10.3 20.3 40.8 79.8 157.7
70 4.5 10.1 19.9 40.2 78.7 154.3
80 44 10.0 19.8 39.6 76.3 150.5
90 44 9.8 19.6 38.6 74.7 147.8
100 44 9.8 19.3 37.9 72.8 143.6
110 44 9.8 19.0 37.1 71.5 140.2
120 4.3 9.7 18.6 36.4 69.8 137.8

Continued on next page
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Table 4.8 — Continued from previous page

Energy (keV) [1-10] [1-25] [1-50] [1-100] [1-200] [1-400]

150 4.2 94 18.1 34.4 66.5 129.6
200 4.1 8.9 17.2 32.4 62.0 119.7
300 3.9 8.5 16.0 30.3 57.0 109.3
400 3.8 8.3 15.5 29.2 54.6 102.9
600 3.7 7.9 14.7 27.2 49.7 93.6
800 3.6 7.6 13.9 25.2 45.9 84.8
1000 3.5 7.3 13.2 23.8 42.4 77.8
1173 3.5 7.1 12.7 22.6 40.3 73.6
1332 3.4 6.9 12.5 21.7 38.4 69.9
1500 33 6.7 12.2 21.1 36.8 66.0
2000 3.2 6.4 11.2 19.2 33.8 56.8
2500 3.2 6.1 10.5 17.9 30.6 50.2
3000 3.1 59 10.1 17.0 28.0 44.4

For the short iron block, the correction factor (for Co-60) differs by a factor of 21 for contrast
ranges [1-10] and [1-400]. At lower energies, the efficiency is limited by the self-absorption
of the photons and the photon absorption and attenuation in the detector dead layers. This
faithfully reflected by Equation 4.19, for which we calculated the correction factor values as

presented before.

In conclusion, the geometry optimization results allow the establishment of the optimized (or
best) geometry models. These results are based on a robust methodology based on the FOM that
rely on the multi-count and multi-line activity consistencies. The activity ratios for the opposite
faces, using the reference model, vary from 1.3 to 17 for the long iron block and from 16 to
297 for the short one. After the optimization process, we obtain geometry models that lead to
activity ratios that are consistent with the factor of 1 for contrasts ranging from 1 to 100 (for the
long item) and from 1 to 200 (for the short item).

Additionally, we notice that the ratio between the average activity values of the optimized and
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reference models differs by less than a factor of 2, even though the activity distribution is quite
heterogeneous with optimized contrast values of 70 (for the long item). This result suggests
that the use of a reference model (as compared with an optimized model) is adequate for the
purpose of waste characterization with heterogeneously distributed activity. However, in order
to be conservative, we recommend the introduction of an additional safety factor of 2 on the

average activity values using the reference models.
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Chapter 5

Evaluation of Experimental and Analytical

Scaling Factors

This Chapter provides the list of radionuclides, as well as scaling factors needed to estimate the
activity of the DTM and I'TM radionuclides in ferrous waste prior to its elimination.

Section 5.1 describes the first step in establishing a radionuclide inventory. In particular, one
performs analytical ActiWiz calculations for both LL/IL and VLL elimination pathways, fol-
lowing the acceptance criteria.

The following Section 5.2 gives an overview of the experimental validation of the radionuclide
inventory for ETM radionuclides given by a large number of In-Toto gamma spectrometry mea-
surements. Subsequently, Section 5.3 provides the sampling strategy to quantify the number
of samples needed to estimate the experimental SF for metallic LL/IL waste, such as steel,
aluminium, and copper. This Section also focuses on the validation of the experimental and
analytical SFs, for DTM and I'TM radionuclides respectively.

Section 5.4 presents a statistical analysis needed to investigate the distribution of activity ra-
tios of the DTM and KN radionuclides. The calculations are carried out for both sampling
campaigns: for metallic VLL and LL/IL waste at CERN. We perform a statistical analysis to
determine the SF distributions and validate whether the VLL and LL/IL sample sets belong to
the same statistical distribution.

The application of the LL/IL radiological characterization methodology, developed at CERN, is
presented in Section 5.5. We give an example of the output waste packages analyzed following
this developed methodology. In particular, one presents the total beta-gamma specific activity
for the first container that is planned to be eliminated in the frame of the MAST pilot elimi-
nation project at CERN. In addition, we describe the qualification calculations of the gamma
spectrometry results for a 2.7 m?3 container with emphasis on the geometry optimization activity

results.
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5.1 Radionuclide inventory - ActiWiz calculations

This Section describes the first step of the radiological characterization of waste at CERN,
which consists of establishing the list of expected radionuclides for ferrous metals.

This inventory is based on the computation of induced radioactivity in ferrous metals (includ-
ing cast iron, low-carbon steel and stainless steel, which in the rest of this thesis will be re-
ferred to as "steel"). The computations are performed with the analytical code ActiWiz version
3.3.148/2018-0603, which relies on extensive Monte Carlo simulations carried out with the
code FLUKA. In particular, the core functionalities of ActiWiz (e.g., calculation of nuclide
production rates and decay chains) were accessed via the PyraGen software [99] by means of
specifically developed Python programs. More details on the input parameters of the calcula-

tions and the predicted results are provided in the next sections.

5.1.1 ActiWiz Scenarios setup - Elemental composition and irradiation

conditions

Steel is assigned a standard chemical composition taken from the CERN catalogue of materials,
with a view to being representative of the majority of the waste items to be characterized (see
Steel 304L, Table 3.1). The exact elemental composition of the metal will vary considerably
depending on the considered waste item. Variations of trace elements weight fractions can be
found even among metallic pieces taken from the same waste package.

The calculations are carried out for seven representative locations during irradiation which are

the following:

at the beam impact area;

- within bulky materials (e.g., magnet) surrounding the beam impact area;

- adjacent to bulky materials (e.g., magnet) surrounding the beam impact area;
- close to the concrete tunnel wall (beam loss in bulky material);

- behind massive concrete shielding;

- at 10 cm lateral distance to target;

- close to the concrete tunnel wall (beam on target).

The primary proton beam is assigned 5 different energies/momenta: 160 MeV, 1.4 GeV, 14
GeV/c, 400 GeV/c and 7 TeV in order to cover the entire energy spectrum of the proton accel-
erator complex at CERN. The irradiation times are set to 4 months, 1 year, 3 years, 10 years

and 30 years while the cooling times are set to 3, 10 and 30 years.
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5.1.2 Analytical predictions of the radionuclide inventory of the metallic
LL/IL waste

The radionuclide inventory is the list of radionuclides produced in a given waste item, with
activity levels that can exceed the declaration thresholds of VLL or LL/IL waste. The first step
towards establishing the radionuclide inventory consists of simulating 525 different activation
scenarios®® (see Section 5.1.1) using ActiWiz and scoring the complete list of the produced
radionuclides and their specific activities per primary proton.

In this Section, we define the ETM and DTM/ITM radionuclides as indicated in the SHEaR
Process Assessment (SHERPA) campaign for steel waste [90]. SHERPA is a campaign for
the sustainable compressing and shearing of metallic waste that originate from the hadron and
electron machines at CERN before their elimination in the French final repositories for VLL
waste.

The distinction between DTM and I'TM radionuclides depends on their importance for the ra-
diological characterization: if a radionuclide contributes by more than 1% to the total value of
IRAS it is considered as a DTM provided that it can be measured experimentally, otherwise it is
classified as an ITM. It should be noted that the activity limits used in the calculation of IRAS
are typically the same for DTM and ITM radionuclides. Therefore the radionuclides which we
identified as DTM are the ones with the highest contribution to the total activity. From this
point of view, we can describe an ITM as a nuclide whose level of activity is so low, that its
measurement would be at the same time difficult and unjustified considering its low importance
for the radiological characterization. The study indicates the radionuclide inventory for three

cases detailed in the following sub-sections.

5.1.2.A VLL pathway

The steps below presents the steps to determine the VLL radionuclide inventory:

- For each activation scenario, we normalize the complete list of radionuclides and their

specific activities to the maximum acceptable activity for VLL waste (i.e., IRAS = 10, [23]

- We select the radionuclides with normalized specific activities that are above the declaration
threshold for at least one activation scenario. The resulting list is referred to as the "VLL

potential radionuclides".

- Every ETM radionuclide that is a VLL potential radionuclide, is included in the VLL ra-

dionuclide inventory.

- For each radionuclide pertaining to the list of "VLL potential radionuclides" and for each

activation scenario, we calculate the activity ratio to the corresponding Co-60 value. We

28 7(location) x S(energy) x S(irrad time) x 3(colling time)
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then calculate the geometric means of the activity ratios, averaging over all the activation
scenarios. Finally, we renormalize the average activity ratios to IRAS = 10 as computed for

the entire list of potential radionuclides.

- Every DTM/ITM radionuclide that is in the list of VLL potential radionuclides and that
has renormalized specific activities above the VLL declaration threshold are included in the

VLL radionuclide inventory.

The final VLL radionuclide inventory therefore includes all the ETM "VLL potential radionu-
clides", and all the DTM/ITM "VLL potential radionuclides" whose average, renormalized spe-
cific activities are above the VLL declaration thresholds.

5.1.2.B LL/IL pathway

In the case of LL/IL waste, the radionuclide inventory is determined as follows:

- For each activation scenario, we normalize the complete list of radionuclides and their
specific activities to the maximum acceptable activity for LL/IL waste (i.e., 37 kBq/g of
total activity [22]).

- We select the radionuclides with normalized specific activities that are above the declaration
threshold for at least one activation scenario. The resulting list is referred to as the "LL/IL

potential radionuclides".

- Every ETM radionuclide that is a LL/IL potential radionuclide, is included in the radionu-

clide inventory.

- For each nuclide pertaining to the "LL/IL potential radionuclides" list and for each activa-
tion scenario, we calculate the activity ratio to the corresponding Co-60 value. We then
calculate the geometric means of the activity ratios averaging over all activation scenarios.
Finally, we renormalize the average specific activity ratios to 37 kBq/g of the total specific

activity.

- Every DTM/ITM radionuclide that is in the list of LL/IL potential radionuclides and that
has renormalized specific activities above the LL/IL declaration threshold are included in

the radionuclide inventory.

The final LL/IL radionuclide inventory therefore includes all the ETM "LL/IL potential radionu-
clides", and all the DTM/ITM "LL/IL potential radionuclides" whose average, renormalized

specific activities are above the LL/IL declaration thresholds.
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5.1.2.C VLL and LL/IL elimination pathways combination

The retained radionuclide inventory for the combined VLL and LL/IL pathways, presented here,
includes every radionuclide that is relevant for at least one elimination pathway (i.e., that is part
of the VLL or LL/IL inventories). However, we notice that the radionuclide inventory for VLL
waste turns out to be a subset of the inventory for LL/IL waste.

The application of a more conservative activity limit for LL/IL waste (i.e., 20 kBq/g*® instead
of 37 kBg/g) would not change the radionuclide inventory.

The list of predicted radionuclides using ActiWiz is presented in Table 5.1.

Table 5.1: The list of the radionuclide inventory consisted of 525 different activation scenarios
for VLL and LL/IL waste .

VLL pathway LL/IL pathway
Co-60 Co-57 Ti-44 Mn-54 Co-60 Co-57 Ti-44 Mn-54
Potential ETM radionuclides
Na-22 Na-22 Ar-42
Potential DTM radionuclides H-3  Fe-55 H-3 Fe-55
Ni-63 Ar-39 Ni-59 C-14 Ni-63 Ar-39 Ni-59 C-14
Potential ITM radionuclides Ca-41 V-49 C(Cl-36 Be-10 Ca-41 V49 C(CI-36 Be-10
Si-32  Mn-53

2 The specific activity of 20 kBq/g refers to the activity limit of the melting facility [48].
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5.2 RN Inventory Experimental validation with Gamma spec-

trometry

The validation of the radionuclide inventory for ETM radionuclides is based on the experience
gained in the elimination of over 2’000 m? metallic waste from hadron and electron machines
at CERN within the SHERPA project carried out between 2016 and 2019 and within the MAST
project.

In particular, at the time of the SHERPA project over 2°000 In-Toto gamma spectrometry mea-
surements were performed for the radiological characterization of the corresponding waste
packages. The In-Toto gamma spectrometry measurements were performed at 75 cm from
the lateral faces of each package, with the detector pointing to the centre of the face.
Additionally, during the MAST project, the gamma spectrometry measurements are performed
for unitary items, such as pipes (Figure 2.4b), ion pumps (Figure 2.4c), and containers 2.7 m?
(Figure 4.3b).

Naturally-Occurring radionuclides (e.g., K-40, Ra-226 and Th-232), artificial radionuclides
which are part of the background radiation (e.g., Cs-137 from nuclear tests in the atmosphere)
are not included in the present study.

Every radionuclide detected in the gamma spectrometry measurements (both in VLL and LL/IL
waste) is part of the ETM radionuclides list that is analytically predicted (see Section 5.1.2).
Hence, we conclude the accuracy of the activation models, used to predict the radionuclide

inventory, described in this Chapter.
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5.3 Experimental and Analytical Scaling factors

In this Section, we describe the sampling strategy, i.e. the statistical approach adopted to quan-
tify the number of samples that will be used to estimate global experimental scaling factors for
metallic LL/IL waste.

In Section 5.3.2, we present the current approach (at the time of writing this thesis), in order to
estimate the specific activity of DTM radionuclides. Subsequently, Section 5.3.3 focuses on the

analytical SF, based on the ActiWiz computations, as presented in Section 5.1

5.3.1 Sampling strategy of LL/IL waste

The activation mechanisms® of metallic VLL and LL/IL waste might be similar as they depend
on the same input parameters, i.e. beam energy, locations within the tunnel complex, irradiation
and cooling times. The experience gained at CERN during recent years on the characterization
of VLL metallic waste is therefore useful for predicting important radionuclides for LL/IL radi-
ological characterization, as well as for estimating the appropriate number of samples to collect
in view of quantifying scaling factors. The current experience with VLL waste suggests that the
KN in steel and copper is Co-60. Nevertheless, we recommend that the gamma spectrometry
analyses, performed on the samples, should also cover the other dominant ETM radionuclides
(Na-22, Ti-44 and Mn-54), in case one of them turns out to be a better key nuclide. Indeed, we
can expect Mn-54 to dominate in steel shielding with only few traces of Ni and Co, and Ti-44
to dominate for long waiting times (>30 years).

The radionuclides listed before are systematically quantified via DA and NDA measurements
when characterizing VLL waste. As a consequence, a large number of activity values have
been determined for these radionuclides and can be used to estimate their expected variability
as well as the dispersion of the scaling factors, which are activity ratios of DTM and ETM
radionuclides. The dispersion (expressed as standard deviation) is one of the two parameters
needed when quantifying the number of samples that should be collected to estimate the scaling
factors of LL/IL waste, the other parameter being a pre-specified margin of error that we are
willing to accept on the final scaling factors.

The calculation process based on the Central Limit Theorem (CLT) [52], which says that for a
large enough sample size n, the distribution of the sample mean tends to a normal distribution,

as determined in Equation 5.1.

T
Zn_a/\/ﬁ N(0,1). (5.1)

30 the principle of activation (low-energy neutron capture, spallation etc.) might be the same for similar positions
in the accelerator (at the beam impact area). However, the beam losses might be different, which depend on the
beam optics or the loss mechanisms of the specific machine or operation mode.
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The transformation of Equation 5.1 that leads to the sample size formula is presented in the

following Equations 5.2a and 5.2b

P(ﬁjﬁgzgf%):l—a (5.2a)

d
— =2z, 5.2b
N 20
Finally, Equation 5.3 describes the relationship between the number of samples to collect n, the

dispersion o and the acceptable margin of error d.

2
" — (Zl‘i+o) (5.3)

In Equation 5.3, the z1_,/» score is a factor that allows us to express the probability of coverage
under a normal distribution (meaning that 90% of the data points are included in the range
p &= 1.640, where 1 is the mean of the normal distribution, and z;_,/» is equal to 1.64).

Although o is unknown, it can be estimated using the measurements performed on the VLL
metallic waste and this estimation can be made for each of the three material types considered
here (namely, aluminium, steel and copper) and each DTM/ETM pair. For the calculations,
only the pairs H-3/Na-22 in aluminium and H-3/Co-60 in both steel and copper are considered.
Table 5.2 shows the estimates of o (6= s where s is the experimental standard deviation of the
scaling factors obtained from the VLL waste) together with the estimated number of samples for
each material type. The margin of error was arbitrary set for three materials (steel, aluminium

and copper) to try to cover the range of experimental SFs.

Table 5.2: Estimated number of samples per material type.

Material  Standard deviation (6= s) Margin of error (d) Number of samples (n)

Aluminium 112 36 30
Steel 26 4 100
Copper 24 7 30

In the case of aluminium, the scaling factor for H-3/Na-22 has a large spread, which would
lead to a comparatively large number of samples if we applied a margin of error similar to
steel and copper. However, the amount of aluminium waste to be characterized is relatively
low. Therefore, we decided to accept a higher margin of error in order to keep the number of

samples adequate with respect to the other materials.
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5.3.2 Experimental scaling factors (DTM radionuclides)

Currently, we do not have yet a significant number of samples, hence we chose to use the
VLL metallic samples, where over 300 samples were measured via radiochemical analyses
and gamma spectrometry in the frame of the SHERPA elimination project [34] in 2016 and
2017. They were taken from radioactive metals irradiated in CERN’s proton machines and
with cooling times longer than 3 years. The samples were measured via gamma spectrometry
to evaluate the activities of key nuclides (in the case of steel: Co-60), and via radiochemical
analysis for the activity of DTM radionuclides (in the case of steel: H-3 and Fe-55). Each DTM
radionuclide was therefore associated with a set of activity ratios, namely one activity ratio
per sample. These sets of activity ratios follow a log-normal distribution, where the value at
the third quartile was conservatively chosen as the reference scaling factor. The corresponding

scaling factor values for H-3 and Fe-55 are presented in Table 5.3.

5.3.3 Analytical scaling factors (ITM radionuclides)

The analytical scaling factors are based on the extensive ActiWiz calculations described in Sec-
tion 5.1. For each ITM radionuclide, we took the geometry average of the specific activity
predicted in all activation scenarios and normalized the average specific activity to 1 Bq/g of
the key nuclide (i.e., Co-60). The analytical scaling factors were calculated also for the DTM
radionuclides and compared with the experimental scaling factors [90]. The comparison shows
that on average the experimental values are a factor of 2.7 higher than the analytical predictions.
This discrepancy is possibly due to the fact that all activation scenarios considered with Acti-
Wiz were assigned the same probability, whilst some of the sampled radioactive waste shared
similar radiological history (e.g. in case of waste produced during one particular dismantling
campaign). In the rest of this study we will therefore apply a corrective factor of 2.7 to all
analytical scaling factors for ITM radionuclides.

In order to determine the final list of ITM radionuclides, we verify if their geometric average ac-
tivity value is above the declaration threshold of LL/IL waste for the maximum specific activity
of 37 kBq/g and Co-60 as the KN. The final list of I'TM radionuclides and their corresponding

SF values with a corrective factor can be found in Table 5.3.

5.3.4 Recommended Scaling Factors and total activity determination for
LL/IL waste

For the evaluation of the activity of ETM radionuclides, the scaling factors are not used as the
activity of these radionuclides is assessed via In-Toto gamma spectrometry. For DTM radionu-
clides, we apply the experimental SF from SHERPA (steel with more than 3 years of cooling
time) corresponding to the third quartile of the SF statistical distribution [90]. For ITM radionu-

clides, we apply the analytical SF calculated as the product of the analytical geometric means
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and a corrective factor of 2.7.

The complete radionuclide inventory, along with the recommended scaling factors for DTM and
ITM radionuclides, can be found in Table 5.3. These values can be used for the characterization
of radioactive steel to be shipped to the melting facility prior to elimination as VLL or LL/IL

waste.

Table 5.3: Radionuclide inventory (ETM, DTM and ITM radionuclides) and recommended
scaling factors (DTM and I'TM radionuclides) for Steel. The scaling factors (SF) are based on
Co-60 as key nuclide. The scaling factors are not applicable to ETM radionuclides, because the
activity of these radionuclides will be evaluated via gamma spectrometry.

ETM DTM I™

Radionuclide SF Radionuclide SF

ETM radionuclides are identified and quantified via H-3 5.1 Be-10 1.00E-06
direct measurements using gamma spectrometry. Fe-55 19 Cl-36 1.80E-05
Gamma emitters often found in metallic waste are Ar-39 1.40E-02
Co-60, Ti-44, Na-22, Mn-54 and Co-57. Ca-41 7.50E-05

V-49 1.00E-03

Ni-59 1.50E-02

Ni-63 1.3

Si-32 8.50E-04

The total specific activity AggT of the beta- and gamma-emitting radionuclides listed in Table

5.3, is calculated using Equation 5.4, below where:

M is the mass of the waste package;

- a. is the specific activity of the ETM radionuclide e, which is measured with gamma spec-

trometry. The sum is over all the ETM radionuclides in the inventory;

- a(co—s0) 18 the specific activity of the key nuclide Co-60, measured with gamma spectrom-

etry;
- SF} is the SF for the DTM radionuclide d;

- SFj is the SF for the ITM radionuclide i.

ART =M (N act Y acoe- SEat Y. acoe-SE).  (54)

e=ETM d=DTM i=ITM
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Regarding the radionuclide activity limits, the primary LL/IL waste will only comply with the
maximal A%T activity of 20 kBq/g of the MAST project [48]. Hence, no other radionuclide-
specific limit will be applied, including — for example — individual coating thresholds as laid
down in the ANDRA specifications for LL/IL.
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5.4 VLL and LL/IL Experimental Scaling Factors statistical
analysis

The aim of this section is to perform a statistical test analysis of the both the VLL and LL/IL
SF distributions and verify the normality of the LL/IL SF.

We remind the reader of the set of first-order differential equations, known as Bateman equa-
tions [36] that describe the case of several radionuclides forming a linear decay and build-up

chain, as presented in Equation 5.5.

dN;
dt

=—=ANN;i+ X Nio + P (5.5)

Where N; denotes the concentration of a given radionuclide and J\; is the decay constant of ith
radionuclide. Yet, it is crucial to consider the nuclide continuous production via the production
rate P;. The production rate depends on the elemental composition of the irradiated material,
the particle flux and the nuclear cross sections. Additionally, any complex decay chain can be
broken into a set of linear radioactive decay chains [51].

The solution of the Bateman equations is applicable in forming an expression that describes the

SF between a DTM and a KN as the product of three factors, given in Equation 5.6

(1 — e_kDTNItirradiation ) e_ADTAItcooling

aprmi  Porui
SF; = = X X — . (5.6)
AR Ni PKN’L (1 — eiAKNtir'radiation) e KNtecooling

The first term of Equation 5.6 describes the ratio of production rates of the DTM and the KN.
The second term contributes to the build-up of the radioactivity of DTM and the KN during
irradiation time span (the particle beam is present). The decay term denotes the time spans after
the end of the exposure (cooling time).

The evaluation of the parameters that contribute the most to the SF values has been demonstrated
in [121] (Chapter 3). The study shows that the cooling time is the dominant parameter. As
presented in Equation 1.9, the cooling term is an exponential function of the cooling time,
meaning that any normal distribution of the cooling time may lead to a log normal distribution
of the decay term [123]. Accordingly, the distribution of the SF values calculated analytically
and experimentally at CERN follows a log normal distribution [112].

The analysis of the distribution of activity ratios of the DTM and the KN determined experi-
mentally over multiple disposal campaigns at CERN are describe as follows.

One can distinguish two ways of testing normality: numerical and graphical. Numerical meth-
ods are based on, for example, skewness or statistical tests of normality. The complementary
methods are graphical methods, which visualize the distribution of the variables. Graphical and
numerical methods fall into descriptive or theory-driven statistics [98]. In order to examine the

distribution of the scaling factors for Steel waste, we perform:
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- Histogram, which is a graphical method that belongs to descriptive statistics®!.

- Skewness, which is a numerical method that belongs to descriptive statistics. It measures
the degree of the symmetry of the probability distribution. The skewness for a normal dis-
tribution is zero. Positive values of the skewness indicate that experimental data are skewed
right. In the case of negative values, data are skewed left. The skewness values computed
in the present thesis are defined by the SAS and SPSS computing packages [78]. The for-
mula for skewness is complemented by an adjustment for sample size. The adjustment

approaches 1 as N is large. The formula is given in Equation 5.7

G, = \ ]\][\5]1[ ; 1) zz‘:1(xi - E)S/N' (5.7)

g3

where x; represents the value of a random sample 7, * is the mean value, s is the standard

deviation, and N is the sample size.

- Q-Q (quantile-quantile) plot, which is a graphical method that belongs to theory-driven

statistics’?.

It compares the quantiles of the variable with the quantiles that follows the
theoretical distribution (i.e., the normal distribution). The straight line represents the normal
distribution. If both distribution (experimental and theoretical) match, the points on the plot

will follow this straight line.

- Shapiro-Wilk test, W test [107], which is a numerical method that belongs to theory-driven
statistics. The W statistic is defined by Equation 5.8 [106] that determines the ratio of the
best estimator of the variance to the sum of squares of the observations about the sample

mean. The sample size of the W statistic should be greater than 7.

(Zi\il aixi>2
SR 9

Where the exact value of the constant a is given by Equation 5.9
a = (ay,as,...,a,) = (MTV IV Im) 2Ty, 5.9

Where m is the vector of expected values of the standard normal order statistics and V' is
the corresponding n X n covariance matrix. Also, for W value being closer to one, the more

normal distributed the sample is.

31 Descriptive statistics give brief information about variables. They consist of two basic categories of measures.
For instance, mean median or mode measure the central tendency of a variable, while measures of dispersion
include standard deviation ,range or interquartile (IQR).

32 Theory-driven statistics are based on both empirical and theoretical distributions. Theory-driven statistics
compare an empirical distribution function of the variable with the particular theoretical distribution function either
in graphical methods (Q-Q plot) or numerical methods (Shapiro-Wilk test).
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The following analysis focuses on the DTM SF values that are used to estimate the total specific
activity A%T of the beta- and gamma-emitting radionuclides (see Table 5.3). The analysis of
the SF distribution are based on the steps presented before. Figures 5.1 and 5.2 shows the SF
distribution of the H-3/Co-60, and the Fe-55/Co-60 respectively.
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Figure 5.1: Histograms and Q-Q plots of cumulated scaling factors for pair of H-3 and Co-60

for 129 samples of activated Steel.

As illustrated in Figure 5.1, the data after the logarithmic transformation can be approximated

via a normal distribution. Table 5.4 presents other statistical tests that we performed.
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Table 5.4: Summary of the SF analyses of the of H-3 and Co-60 pair for activated Steel.

SF of pair H-3/Co-60, n=129

Mean 10.5 Median 1.4
Standard deviation 26 @1 0.4
Geometric mean 1.5 Q3 5.1
Geometric st dev 7.7 Correlation  0.46

non log-transformed data log-transformed data

Skewness 4.46 0.28
W 0.44 \u 0.98
W test p-value 2.2E-16 p-value 0.06
reject normality cannot reject normality

The skewness values for both non- and log-transformed data are positive. However, the skew-
ness value of the log-transformed data is close to zero, which indicates the data are fairly sym-
metrical. Additionally, we performed W tests, where the null hypothesis of the W test assumes
that the sample distribution is normal. If the test is significant, the distribution is non-normal
[65]. For the p-value >0.05, the data distribution is not significantly different from a normal
distribution. Hence, one can assume the normal distribution for the log-transformed data (for
p-value=0.06).
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s19  Figure 5.2 depicts the histograms and Q-Q plots before and after logarithmic transformation for
a0 the SF of the Fe-55 and Co-60 pair.
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Figure 5.2: Histograms and Q-Q plots of cumulated scaling factors for pair of Fe-55 and Co-60
for 105 samples of activated Steel.

221 In Table 5.5, we summarize the the analysis performed for samples collected for VLL waste at
a2 CERN.
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Table 5.5: Summary of the SF analyses of the Fe-55 and Co-60 pair for activated Steel.

SF of pair Fe-55/Co-60, n=105

Mean 24 Median 10.3
Standard deviation 38.5 @1 4.2
Geometric mean 9.5 Q3 19

Geometric st dev 4.1 Correlation  0.71

non log-transformed data log-transformed data

Skewness 275 -0.08
A\ 0.59 \u 0.98
W test p-value 1.1E-15 p-value 0.25
reject normality cannot reject normality

The skewness for the log-transformed data indicates the tail in the negative direction. The
skewness value is close to zero meaning that the data are fairly symmetrical. The W test for
the log-transformed data shows that, for the p-value equal to 0.25, the data distribution is not

significantly different from the normal distribution.
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In the radiological workflow (see Figure 3.21), we can distinguish a step that focuses on col-
lecting a representative sample ensemble from the waste population and analyzing them either
by NDA or DA techniques. Within the present thesis, the phase of collecting LL/IL samples is
still ongoing. The collected and analyzed Steel LL/IL samples at the time of writing this thesis
is 25. The following calculations are based on the experimental SFs for H-3 and Fe-55 as DTM
and Co-60 as a KN obtained from those 25 samples.

First, we analyze the SFs of pair H-3 and Co-60. As depicted in Figure 5.3, the data after the

logarithmic transformation follows the normal distribution.
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Figure 5.3: Histograms and Q-Q plots of cumulated scaling factors for pair of H-3 and Co-60
for 25 samples of activated Steel.

Additionally, the numerical methods, such as the skewness and W test indicate that data are
normally distributed. The skewness value is 0.15 (data are fairly distributed) and the p-value
for the W test is 0.91 meaning that we cannot reject the null hypothesis, which assumes that the

sample distribution is normal. The analyzed data are presented in Table 5.6
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Table 5.6: Summary of the SF analyses of the H-3 and Co-60 pair for activated Steel (from
LL/IL waste).

SF of pair H-3/Co-60, n=25

Mean 13 Median 1.1

Standard deviation 35.5 Q1 0.2

Geometric mean 1.1 Qs 3.6
Geometric st dev 11.9 Correlation -0.13

non log-transformed data log-transformed data

Skewness 3.9 0.15

W 0.41 \u4 0.98
W test p-value 6.5E-09 p-value 0.91

reject normality cannot reject normality
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While performing the analysis for the SFs of the Fe-55 and Co-60 pair, we rejected one sample.
Indeed, the SF for this sample differs from the rest by two orders of magnitude, and can be
considered as an outlier. It might be due to activation mechanisms where the production rate of
Co-60 may be very high, e.g. in the high flux region [10] compared with the production rate of
the Fe-55.
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Figure 5.4: Histograms and Q-Q plots of cumulated scaling factors for pair of Fe-55 and Co-60
for 24 samples of activated Steel.

As depicted in Figure 5.4, the skewness values for log-transformed data are positive and its
value is close to zero, which indicates the data are fairly symmetrical. Additionally, the p-value
of the W test is 0.87, meaning that we cannot reject the null hypothesis that assumes the normal
distribution of the SFs for Fe-55 and Co-60. The summary is presented in Table 5.7.
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Table 5.7: Summary of the SF analyses of the H-3 and Co-60 pair for activated Steel (from
LL/IL waste).

SF of pair Fe-55/Co-60, n=24

Mean 1.4 Median 0.9
Standard deviation 1.8 1 0.4
Geometric mean 0.9 Qs 1.6
Geometric st dev 2.7 Correlation  0.98

non log-transformed data log-transformed data

Skewness 3.4 0.05

w 0.61 w 0.98
W test p-value 7.98E-07 p-value 0.87

reject normality cannot reject normality
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In what follows, we will test whether the two arbitrary sample sets (VLL and LL/IL) originate
from the same distribution. The Kolmogorov-Smirnov test (KS test) is performed in order to
determine if two sample distributions are identical, meaning that their corresponding values
of the Empirical Cumulative Distribution Function (ECDF) are similar [54]. The ECDF of m
observable data points (e.g. SF) defined, at any real number z is given by Equation 5.10

F(z) = = > X, <a}, (5.10)

m i
where, 1 represents the indicator function, that 1 is one if {X ;< x} and zero otherwise [91].
X are the independent and identically distributed data points (e.g. SFs).

The null hypothesis assumes that the ECDF of the CERN’s sample campaigns, F,,(z) and
G (x) respectively are equal (F' = 7). The KS test is based on the maximum difference, the

statistical test D, ,, is given by Equation 5.11 [104]
Dy = sup,|Fp(x) — Gp(x)], (5.11)

where the supremum is considered as a maximum discrepancy between the two distributions.
If the maximum difference for D,, ,, is 1, it might mean that two distributions are not identical.
Additionally, we perform the two-sample t test (Welch’s t test)[117] in order to investigate if the
difference between the means of CERN’s sample campaigns is significant (or between medians,
in so called mediantest®*). The null hypothesis assumes that the means of two sample campaigns

are identical. The Welch t-statistic is determined by Equation 5.12

_ X-Y
V(s /nx + s2/ny)

" (5.12)

Where X and Y are sample SFs mean value of CERN’s sample campaigns , s, s5- are standard
deviations of the SFs, and n is the number of the SF points of the two distributions X and Y
respectively.

If the p-value is below the assumed significance level, one can reject the null hypothesis. While
for p-values above the significance level, there is not sufficient evidence to reject the null hy-

pothesis.

33 https://rdrr.io/cran/nonpar/man/mediantest.html, 28 July 2021
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The following calculations present both tests of normality and investigate whether the two dis-
tributions are identical. At the beginning, we analyze Steel LL/IL and VLL samples collected
to determine experimental SF (H-3 and Fe-55).

The performed tests investigating the difference between means or medians showed that there
is not enough evidence to conclude that the means and medians of SF(H-3/Co-60) for Steel
samples LL/IL and VLL are different at a significance level of 0.05 (mean p-value=0.76, median
p-value=0.82).

According the KS test, the p-value is 0.73, indicating that we cannot reject the null hypoth-
esis that two distributions are equal. Additionally, Figure 5.5, shows the ECDF for both SF

distributions.
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Figure 5.5: The Empirical Cumulative Distribution Function for two distributions for SF of
pair H-3/Co-60; LL/IL and VLL samples respectively. The maximum discrepancy between the
distributions is D=0.14.

Subsequently, one investigates whether the SF for Fe-55 for LL/IL and VLL sample distribu-
tions are identical. The test for means and medians showed that p-values are below significance
level of 0.05, indicating that we can reject the null hypothesis (mean p-value=4E-08, median
p-value=5E-07).The KS test presents the p-value at 4.3E-12, which demonstrates that the distri-
butions for both LL/IL and VLL samples are not equal, even if both sample campaigns follow
the normal distribution. Figure 5.6 depicts the ECDF with the maximum discrepancy between
distributions, D=0.77.
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Figure 5.6: The Empirical Cumulative Distribution Function for two distributions for SF of
pair Fe-55/Co-60; LL/IL samples and VLL samples respectively. The maximum discrepancy
between distributions is D=0.77.

Thus, one might conclude that the Steel LL/IL and VLL samples distributions for SFs for H-
3 are equal and follow the normal distribution (see Tables 5.4 and 5.6). The combined SF

distributions are presented in Figure 5.7 and the summary of the analyses, including statistical

tests (W test) is given in Table 5.8.
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Figure 5.7: Histograms and Q-Q plots of cumulated scaling factors for pair of H-3 and Co-60
for 154 samples of activated Steel.
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Table 5.8: Summary of the SF analyses of the H-3 and Co-60 pair for activated Steel.

SF of pair H-3/Co-60, n=154

Mean 11 Median 1.3
Standard deviation 27 @1 0.3
Geometric mean 1.4 Q3 5.0
Geometric st dev 8.3 Correlation  0.02

non log-transformed data log-transformed data

Skewness 4.3 0.2
\\4 0.43 W 0.98
W test p-value 2.2E-16 p-value 0.1
reject normality cannot reject normality

However, the tests performed for the SF of Fe-55/Co-60 demonstrated that the SF distributions
for LL/IL and VLL samples are not identical. It might be caused by the differences in the

production rate of Co-60 and Fe-55 in CERN’s accelerator materials, as well as the impact of
the cooling time on the SF values.
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In the next step of the analysis, we extracted the SF values from VLL sample campaigns carried
out until 2020, specifically selecting those where the specific activity of Co-60 is greater than
10 Bg/g, where the value of 10 Bg/g which is the detection threshold for LL/IL waste given by
ANDRA.

As presented in Figure 5.8, both distributions; LL/IL and VLL (>10 Bq/g) for the SF of H-3
and Co-60 can be identical. Taking into account the p-value of the KS test, we cannot reject
the null hypothesis that two distributions are identical (p-value=0.54). In addition, tests of the
means and medians show that the means and medians of the distributions are not significantly

different (mean p-value=0.78, median p-value=0.5).
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Figure 5.8: The Empirical Cumulative Distribution Function for two distributions for SF of pair
H-3/Co-60; LL/IL and VLL (for samples with Co-60 specific activity greater than 10 Bg/g)
samples respectively. The maximum discrepancy between distributions is D=0.23.

s04 Additionally, Figure 5.9 and Table 5.9 present the summary of the normality test performed
a5 using the combined SFs of H-3 and Co-60 from the LL/IL and VLL (>10 Bqg/g) samples.
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Figure 5.9: Histograms and Q-Q plots of cumulated scaling factors for pair of H-3 and Co-60
for 43 samples of activated Steel.

A positive skewness indicates that the size of the right-handed tail is larger than the left-handed
tail. After logarithmic transformation, the skewness value indicates that the data are fairly
symmetrical. The W test demonstrates, with the p-value equal to 0.71, one cannot reject the

normal distribution hypothesis.
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Table 5.9: Summary of the SF analyses of the H-3 and Co-60 pair for activated Steel.

SF of pair H-3/Co-60, n=43

Mean 11.5 Median 1.1

Standard deviation 28 @1 0.2

Geometric mean 1.3 Q3 8.5
Geometric st dev 10.6 Correlation  -0.07

non log-transformed data log-transformed data

Skewness 43 0.07

W 0.45 W 0.98
W test p-value 1.6E-11 p-value 0.71

reject normality cannot reject normality
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A similar analysis for the SF of Fe-55 and Co-60 is performed. Based on the KS test, one can
conclude that the distributions of the SF are identical, p-value is 0.15. Also, the Welch’s t test
indicates that the means for two distributions are not significantly different, as well as for the
median test (mean p-value=0.16, median p-value=0.17). Figure 5.10 depicts the ECDF of the
SFs.
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Figure 5.10: The Empirical Cumulative Distribution Function for two distributions for SF of
pair Fe-55/Co-60; LL/IL and VLL (for samples with Co-60 specific activity greater than 10
Bg/g) samples respectively. The maximum discrepancy between distributions is D=0.36.

Additionally, the third quartile of SFs for VLL samples with specific activity of Co-60 greater
than 10 Bq/g is 3.6. It shows that the SF values are comparable for LL/IL samples (3.6 and
1.6 respectively), which may indicate similar cooling times for both distributions. We observe
different SF values for different positions in the accelerator for the same cooling time spans
(see Figure 3.5). This behaviour can suggest that the samples for VLL with specific activity of
Co-60 greater than 10 Bg/g and LL/IL can represent the activated material occurring close to

the concrete tunnel wall, where the production rate of Co-60 is higher than of Fe-55.
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In order to examine the distribution of cumulative SF of the Fe-55/Co-60 pair, one performs the
W test and complementary graphical methods, such as histogram and Q-Q plots, as presented

in Figure 5.11.

SF of pair Fe-55/Co-60 Normal Q-Q plot
Q7 5
0] “7 0
0 9
% ‘9 N O < 4 0 0
8 2 e
w E 0
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o [ oo 00000
0 2 4 6 8 10 2 40 1 2
SF: (Fe-35 vs Co-60) Theoretical Quantiles
log (SF) of pair Fe-55/Co-60 Normal Q-Q plot
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_ 0
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N
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Figure 5.11: Histograms and Q-Q plots of cumulated scaling factors for pair of Fe-55 and Co-
60 for 41 samples of activated Steel.

A negative skewness indicates that the size of the left-handed tail is larger than the right-handed
tail. After logarithmic transformation, the skewness value indicates that data are moderately
skewed. The p-value obtained in the W test, indicates that we cannot reject the null hypothesis

(the sample distribution in normal). The summary is given in Table 5.10.
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Table 5.10: Summary of the SF analyses of the Fe-55 and Co-60 pair for activated Steel.

SF of pair Fe-55/Co-60, n=41

Mean 1.7 Median 0.9
Standard deviation 2.0 @1 0.4
Geometric mean 1.0 Q3 2.3
Geometric st dev 33 Correlation  0.98

non log-transformed data log-transformed data

Skewness 22 -0.6
\\4 0.74 W 0.97
W test p-value 4.97E-07 p-value 0.38
reject normality cannot reject normality

Conversely, we extracted SF values from VLL sample campaigns based on the specific activity
of Co-60 lower than 10 Bg/g. The third quartile for the Fe-55/Co-60 SF is 21. This suggests that
those samples have shorter cooling times than LL/IL samples. The tests performed show that
the distribution of VLL samples for Co-60 > 10 Bq/g and LL/IL do not originate from the same
distribution (the p-value for KS test is 7.3E-14, the maximum discrepancy between distributions
is D=0.82). Those samples represent the majority of VLL sample campaigns carried out till
2020 (99 out of 116), which can result that the all VLL and LL/IL samples originate from two
different distributions, as depicted in Figure 5.6. The VLL samples with specific activities of
Co-60 lower than 10 Bg/g can represent the activated material occurring close to the beam line,
where the production rate of Fe-55 is higher than of Co-60, as depicted in Figure 3.5.

Due to the lack of a larger number of LL/IL samples at the time of this study, it was decided to

consider the VLL scaling factors for the LL/IL waste for penalization purposes.
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5.5 Application of the LL/IL characterization methodology

to output waste packages

Based on the recommended radionuclide inventory and its corresponding SF values that are
summarized in Table 5.3 and gamma spectrometry analysis (see Section 4.2), we estimate the
total beta- gamma specific activity of LL/IL waste packages for the elimination via melting.
The application of LL/IL methodology developed at CERN is demonstrated for the following

examples, i.e. for a 2.7 m? waste package as shown in Figure 5.12.

Figure 5.12: A 2.7 m? container filled with 18 ion pumps (During filling up and measuring,
respectively).

The waste package is counted by gamma spectrometry from six faces. The geometry models
of the package are constructed with 3 dimensional rendering Geometry Composer as shown in
Figure 5.13.

(a) ISOCS geoemtry of face 1A of the 2.7 m?3 waste package. The red colour reperesents the level of the
waste inside, the blue colour the container walls.
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FACE 1A FACE 3A

N
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(b) Combination of the geometry models for six faces of the package.

Figure 5.13: ISOCS geometry of the 2.7 m? waste package.

ss1 In Table 5.11, we present the average total specific activities of gamma and beta emitters with

s52  the corresponding uncertainties (absolute values) for the output waste package.

Table 5.11: The average total specific activity estimates for the 2.7 m? container with the un-
certainty, AZ9"= 5500 (4425) Bg/g. The activity uncertainties of the radionuclides are quoted
at 1 0. Careful interpretation of the uncertainties (such as for V-49) is required as the activities
(calculated using the scaling factors) are not normally distributed. The activity values follow a
log-normal distribution.

ETM DTM I™

Radionuclide Activity [Bg/g] Radionuclide Activity [Bq/g] Radionuclide Activity [Bqg/g]

Co-60 208 (30) H-3 1061 (746) Be-10  2.08E-04 (0.03)
Na-22 0.08 (0.004) Fe-55 3952 (2371) C1-36 0.004 (0.5)
Sc-44<Ti-44  0.29 (0.08) Ar-39 2.9 (280)
Mn-54 0.25 (0.04) Ca-41 0.016 (1.5)
V-49 0.2 (1227)
Ni-59 3.1(39.0)
Ni-63 270 (3437)

Si-32 0.18 (27.6)
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The uncertainties of the DTM and ITM radionuclides consist of the uncertainty of the activity
of Co-60 (A°~%) from the gamma spectrometry analysis and uncertainty related to the SF
experimental and analytical values (SF;). The uncertainty propagation of the product of A¢°~60

and SF; are computed by Equation 5.13

o(AT0 - SF) = (A7 SF) (M> +<"(SE’)> (5.13)

ACO—GO SE

Additionally, in order to estimate the standard deviation of the DTM radionuclides, one applies
the following methods presented in [116], where one estimates the standard deviation from the

interquartile range. Equation 5.14 presents the idea of the proposed estimation.

43 —ql
ppi [ 075n = 0.125')
n +0.25

where ql and g3 are first and third quartiles, n is the number of samples. &

o(SF;) ~

(5.14)

1'is the upper
zth percentile of the standard normal distribution, which can be computed by the command
"gnorm(z)" using the statistical software R.

The large uncertainty values of the ITM radionuclides are due to wide log-normal distribution
of SF for, e.g. V-49 and Ni-63.

During the gamma spectrometry analysis, we consider both uniform activity distribution and
geometry optimization techniques. Hence, we qualify the activity results of the 2.7 m? waste
package in order to quantify the impact of assuming uniform activity distribution of the gamma
emitters within the waste. The qualification process is described in Chapter 4.

For each face, activity values are determined using the Genie 2000 Nuclide Identification with
the Interference Correction calculation engine. The multi-count activity ratios of the reference
and optimized geometry models for the 2.7 m? waste package are presented in Figure 5.14.
During the optimization process, the contrast parameter is varied from 1 to 50 depending on the
heterogeneity of the assay waste package. The activity ratios given by the gamma spectrometry
measurements, with a uniform activity distribution within the material matrix, as presented in
Figure 5.14 are between 2 (for Co-60) and 3.5 (for Sc-44<Ti-44).
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Figure 5.14: Activity ratio for opposite faces before and after geometry optimization for the
contrast parameter ranging from 1 to 50 for the 2.7 m? waste package.

After geometry optimization, the activity ratios converge to one, which means that the activity
values obtained by measuring two opposite faces are consistent. The optimization is performed
over two faces at a time, therefore we opt for averaging the results obtained for each pair of
faces. The activity uncertainty of the average value is calculated as the square root of the
quadratic sum of uncertainties corresponding to each single face. This ignores any correlations
between activity values of each face. In Table 5.12, we present the average activity values of the

reference and optimized models over two, four and six opposite faces for the waste package.



Table 5.12: Average activities over the two opposite faces with the highest dose rate discrepancies and four and six faces with the reference and
optimized models. Uncertainties are given at 1o. Note that the reference activity result uncertainties do not take into account the geometry model
uncertainty due to the less known geometry parameters. N/A corresponds to unidentified radionuclides.

2.7 m® WASTE PACKAGE

REFERENCE OPTIMIZED Ratio OPTIMIZED/REFERENCE
Two opposite faces Four faces Six faces Two opposite faces Four faces Six faces Two opposite faces Four faces  Six faces
Co-60 [Bg/g] 1.76E+02 (4 %) 2.09E+02 (3 %) 1.97E+02(3 %)  1.79E+02 (4 %) 2.25E+02 (3 %) 2.61E+02 (3 %) 1.02 £0.06 1.08 £0.05 1.33 +£0.05
Na-22 [Bq/g] 7.72E-02 (22 %) N/A N/A 8.48E-02 (22 %) N/A N/A 1.1 £0.17 N/A N/A
Sc-44<Ti-44 [Bq/g]  3.01E-01 (12 %) 2.87E-01 (9 %) N/A 2.11E-01 (14 %)  2.32E-01 (11 %) N/A 0.7 £0.13 0.81 +£0.12 N/A
Mn-54 [Bq/g] 2.86E-01 (14 %)  2.79E-01 (10 %) N/A 3.46E-01 (14 %)  2.45E-01 (11 %) N/A 1.21 £0.24 0.88 +0.13 N/A

ADOTOAOHLANW NOILLVZIYALOVIVHD 1I/T1 HHL AO NOLLYOI'lddV '§°S

671
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The objective of applying the geometry optimization method is to reduce the over (or under)
estimation of the activities by improving the geometry modeling accuracy. The geometry op-
timization using the GURU tool enables estimating the best known activity values for the 2.7
m? waste package. The comparison of the reference and optimized model activity values for
the waste package takes into account the average of the activity values for opposite faces with
the highest dose rate difference. The highest measured dose rate ratio between two opposite
faces is about 6 for this waste package. After the geometry optimization process, the ratio of
the optimized and the reference models average activities for opposite faces with the highest
dose rate ratio are underestimated by up to 20 % for Mn-54. For both Co-60 gamma lines, the
ratio is fairly close to unity, as shown in Table 5.12 .

The averaging over four or six faces for optimized models is based on the assumption that
we perform gamma spectrometry measurements of each face using the same detector, and the
average value is only an approximation. If we opt for averaging the results for four and six faces,
the ratio of activities of optimized and reference models increases. The differences between
averaging over four or six faces and two faces of the optimized models are 6 % and 30 %
respectively for Co-60.

We notice that the ratio between the average activity values of the optimized and reference
models differ by less than 30 % (for Co-60, as the dominant gamma emitter to the total beta-
gamma activity), even when the activity distribution is so heterogeneous that GURU predicts
a factor 27 of the range of the relative source concentration variations of six faces, where the
average number of hot spots per face is 5. This result suggests that the use of a reference model
(as compared with an optimized model) is adequate for the purpose of waste characterization
with heterogeneously distributed activity for the 2.7 m? waste package.

Additionally, we compare the activity concentration of Co-60 obtained from the gamma spec-
trometry analysis and the methodology that allows for quantifying the specific activities of Co-
60 for various unitary waste (Sections 4.1). The average specific activity value of Co-60 for 18
ion pumps measured individually is 256 Bq/g and the predicted value is 280 Bg/g. Therefore,
we show that this methodology is operationally efficient for waste package production purposes.
Also, the methodology is validated using In-Toto gamma spectrometry measurements of the 2.7
m? waste package containing the 18 ion pumps, considering both uniform activity distribution

and geometry optimization techniques, as described above.



20

21

22

23

24

25

26

27

28

29

30

31

32

Conclusion

The purpose of this thesis is to propose a technical solution in order to radiologically character-
ize Low level/Intermediate level (LL/IL) metallic waste produced when operating high-energy
particle accelerators. The methodology makes use of analytical calculations and experimental
measurements that allow the prediction of the radionuclide inventory and the qualification of
the corresponding activity concentrations. Based on this information, we can perform the clas-
sification and thereby evaluate the acceptability of a waste population prior to its elimination in
the dedicated final disposal facility, or the melting facility as an intermediate waste conditioning
step before its final disposal, as required. The LL/IL metallic waste includes the legacy waste
temporarily stored at CERN.

The thesis began with an overview of CERN’s accelerator complex and the activation mech-
anisms that might lead to the production of radioactive waste. We also showed the concept
of accelerator beam dynamics and eventual beam loses in accelerators. The beam loss mon-
itoring system installed at CERN’s accelerators helps identifying the beam loss mechanisms
by measuring the corresponding patterns, which can be used in subsequent analytical activa-
tion calculations. Furthermore, we described in detail the characterization workflow that is in
accordance with the IAEA guidelines. In particular, the radiological characterization phases,
including the classification that is based on the activity concentration and half-lives of radionu-
clides and categorization that describes other waste properties and any processes that change
the waste characteristics.

At the beginning of our study, we tackled a difficult task of predicting the radionuclide inven-
tory. In order to obtain such a list, we need to perform a series of activation calculations using
the well established analytical software tool ActiWiz. This allows rapid and accurate estima-
tion of radionuclide production rate and the comparison of several hundred different activation
scenarios. The calculations were performed for steel waste, which is a major fraction of legacy
LL/IL waste temporary stored at CERN. Hence, the radionuclide inventory for steel waste was
established by simulating 525 activation scenarios. Each activation scenario was normalized to
the maximum acceptable activity for VLL waste, such as IRAS and to the maximum acceptable
activity for LL/IL waste. Afterwards, we combined the obtained radionuclide inventories for
VLL and LL/IL elimination pathways. The radionuclide inventory assigned to VLL waste was
found to represent a subset of the LL/IL inventory. Every radionuclide identified in the gamma

spectrometry measurement was found to be part of the radionuclide list obtained analytically.
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The validation of the gamma-emitting radionuclides was based on the gamma spectrometry
analysis of over 2°000 m? metallic waste, being eliminated within the SHERPA project. Addi-
tionally, the validation was performed on waste which belongs to the pilot project MAST. The
In-Toto gamma spectrometry validation confirmed the accuracy of the activation simulations
and calculations used to predict the radionuclide inventory of LL/IL waste.

The crucial step in the radiological characterization process is to quantify the activity concen-
trations of the radionuclides, classified as Easy-to-measure (ETM), Difficult-to-measure (DTM)
or Impossible-to-measure (ITM) respectively. The activity concentration values of the ETM ra-
dionuclides are evaluated via a NDA technique, based on gamma spectrometry. Radiometric
measurements using gamma spectrometry present many challenges. One is the radiological
characterization of massive metallic waste items, which typically weigh more than 1 ton in gen-
eral. The self-absorption and the heterogeneous activity distribution within the waste require a
In-ToTo gamma spectrometry measurement with multiple counts. Additionally, dose rate levels
above 100 pSv/h at contact creates both radiation protection and gamma spectroscopy acquisi-
tion constraints. In the acquisition phase of gamma spectrometry, we meet challenges related
to the high counting rate effects and corresponding dead times. In the acquisition phase, we
proposed a counting geometry that leads to lower dead times, while maintaining the necessary
MDA values that are at least 10 % of the VLL declaration thresholds. In the analysis phase of
the gamma spectrometry measurement, we encountered difficulties in the accurate determina-
tion of the geometry modelling parameters. These parameters are not well known, especially
the activity distribution and material chemical composition. Consequently, the uncertainties on
the activity of inhomogeneous waste can be high. In this thesis, we investigated the impact of
the assumption that the activity is distributed homogeneously within the waste using the concept
of geometry optimization methodology given in Chapter 4. The available software from Mirion
Technologies (Canberra), such as ISOCS for full peak efficiency calculations and IUE for un-
certainty estimation of the full peak efficiencies present limitations. ISOCS allows modelling
only one hotspot at a time, in the geometry model. In IUE, we can generate multiple hotspots,
however their relative activity concentrations are limited to a single value for all hotspots. In
order to overcome those limitations, in the case of a heterogeneous activity distribution within
the waste, we developed a novel in-house tool named GURU. This tool enables us to calculate
the uncertainties related to activity distribution and reduce them by combining the gamma spec-
trometry results in order to identify the best geometry models, to describe the “actual” geometry
of the waste. This can be achieved by constructing the FOMs that rely on the multi-count and
multi-line activity consistencies. Within this Chapter, we determined the impact of the various
geometries on the efficiency calibrations and the spread of the efficiency calibration computed
for 1000 models for massive iron blocks (> 2 tons) for energies ranging from 45 keV up to
3 MeV for the activity values. Afterwards, we combined the gamma spectrometry results to
converge on the "best models", which represent the best knowledge we can have by perform-

ing the geometry optimization. After the optimization, the activity values of the opposite faces
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153

were consistent using the optimal models. Based on the optimization results, we calculated the
multi-count activity ratios of the reference and optimized geometry models. The results allow
showing whether the average activities of uniform distribution geometry under- or overestimate
the expected activity values. Application of this novel NDA technique, for massive LL/IL waste
with high activity heterogeneity between faces, allowed us to conclude that the ratio between
the average activity values of the optimized and reference models could be as high as a factor of
2. The activity ratio of two faces using the reference models does not accurately represent the
actual activity contrast of the item, as shown by the geometry optimization results. Neverthe-
less, using the geometry optimization, one can define the best-known contrast distribution or the
contrast values within the waste item. By comparing the reference and optimized models, one
shows that performing measurements in the following conditions leads to reasonably conserva-
tive results, such as computing the average activity for the most radioactive faces of the waste
and considering the reference model. However, we recommend establishing a safety factor rep-
resented as an additional systematic uncertainty of 50 % on the average activity values using the
reference models. It is the first time at CERN that we have evaluated the uncertainty associated
with non-homogeneous activity distribution in a waste package and been able to recommend an
accurate safety factor to compensate for it.

In order to quantify the activity levels of DTM radionuclides, one needs to establish the SFs for
pair of DTM and KN radionuclides. We need to collect a representative sample set from the
waste population. This process might be long and challenging. During the writing of this thesis,
the phase of collecting LL/IL samples was still ongoing, and the number of samples analyzed
via radiochemical techniques was not yet sufficient to estimate the experimental SFs. Thus,
the estimation of DTM activity values is based on the SF values estimated for VLL waste.
The validation of these SFs covers over 300 samples that are measured using NDA and DA
techniques, i.e. gamma spectrometry and radiochemical analysis. We focused on performing
statistical test analyses, in order to investigate the VLL and LL/IL SF distributions and verify
their normality. The analyses showed that the distribution of H-3/Co-60 SFs for the VLL and
LL/IL may originate from the same distribution, also both follow a log-normal distribution.
Subsequently, similar analyses are performed for the distribution of Fe-55/Co-60 SFs. In this
case, the distributions are not identical. It might be due to the differences in the production
rate of Co-60 and Fe-55 in CERN’s accelerator position, as well as the impact of the cooling
time on the SF values. The final list of ITM radionuclides was verified by checking whether the
corresponding geometric average values (that are normalized to the average specific activity to
1 Bqg/g of the KN) was above the declaration threshold of the LL/IL waste, for the maximum
specific activity of 37 kBq/g, and Co-60 as the KN. However, one needs to take into account
the corrective factor of 2.7 for the analytical SFs for all ITM radionuclides, due to the possible
discrepancies between experimental and analytical SFs that were found for DTM radionuclides.
Those discrepancies might be caused by the fact that the scenarios considered with ActiWiz

have the same probability of occurrence, whereas some samples from radioactive waste follow
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similar radiological history. At the same time, we find it remarkable that we could predict
by analytical means the scaling factors between radionuclides produced over 30 years of beam
operation, with cooling times ranging from 3 to 30 years, in a number of different metallic alloys
and in machines with beam energies ranging from 160 MeV up to 7 TeV with an accuracy better
than a factor of three.

Within the thesis, we developed a methodology for the radiological characterization of radioac-
tive waste at CERN. The methodology covers a broad range of fields ranging from gamma
spectrometry measurements, statistical analysis and sampling, analytical calculations. The
methodology is important for defining an elimination path for LL/IL activated waste towards
the French repositories. We provided an example of the output waste, which was analyzed fol-
lowing all steps of the developed methodology. We presented the estimated total beta-gamma
specific activity of the 2.7 m? waste package planned to be eliminated within the scope of the
MAST project. The estimated activity of the 2.7 m? waste package was 5500 Bq/g. In addition,
we qualified the gamma spectrometry results, assuming the homogeneous activity distribution
within the package. The calculations showed that the ratio between the average activity values
of the optimized and reference models differs maximally by 30 % (for Co-60) for six faces, and
less than 10 % if we consider four faces, bearing in mind that GURU predicts a factor 27 (or
26) of the range of the relative activity concentration variations of six (or four) faces. The result
implies that the reference model is adequate to use for the purpose of waste characterization
with heterogeneously distributed activity for this 2.7 m3 waste package.

In addition, we proposed a new methodology that predicts the total beta-gamma specific ac-
tivity based on the average dose rate measurements for LL/IL. waste produced at CERN in an
operationally efficient manner for waste package production purposes. The methodology was
validated using gamma spectroscopy techniques with a geometry model optimization formal-
ism. The expected Co-60 specific activities of the waste could range from 50 to 2000 Bq/g while
the maximum contact dose rate ranges from 100 pSv/h to 1 mSv/h. The developed methodology
allows for performing a preliminary quantification of the specific activities of Co-60 and other
beta-gamma emitters within a waste package using the SF approach. It is based on the mea-
sured average dose rate mapping at 40 cm from the individual waste items that will be packaged
inside the waste container. This methodology is valid under the assumption that Co-60 is the
dominant gamma dose contributor (referred to as KN) in the waste item, where the decay time
is more than 3 years. It is based on the experimental correlation between the ratio of the specific
activity of Co-60 and the average dose rate as a function of apparent density of the waste item.
Further research is needed to establish LL/IL SF values, based on the sufficient number of
samples to be collected and analyzed in the future. Next, we could compare the activity values
of the waste package subject to melting, i.e. using the radionuclide inventory with updated
SF and one that is established using the methodology presented in this thesis for the sample
collected after melting, which is representative of the waste package due to homogenisation

property of the melting process.
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Finally, the developed methodology in this thesis can be extended in order to radiologically
characterize LL/IL unitary items that will be directly eliminated at the French repository with-
out melting. For the analytical calculations for the prediction of the radionuclide inventory one
could consider materials other than steel such us copper and concrete. The geometry optimiza-
tion technique could be of great interest when applied to other shapes and geometries of LL/IL
unitary items. Similarly, the new methodology for predicting the total beta-gamma specific ac-
tivity based on the average dose rate measurement, could also be extended to cover the needs of
the LL/IL unitary waste.
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. Appendix A

. Geometry optimization process

> A.1 Impact of the envelope geometry

Table A.1: Computed efficiency curves for the long iron block originating from stochastically
perturbed models for maximum and minimum geometry dimensions.

Energy (keV) Maximum geometry Minimum geometry Maximum/minimum geometry

45 3.44E-08 3.51E-08 0.98
50 4.95E-08 5.05E-08 0.98
60 8.95E-08 9.12E-08 0.98
70 1.39E-07 1.42E-07 0.98
80 1.97E-07 2.01E-07 0.98
90 2.57E-07 2.62E-07 0.98
100 3.18E-07 3.24E-07 0.98
110 3.77E-07 3.84E-07 0.98
120 4.30E-07 4.38E-07 0.98
150 5.40E-07 5.49E-07 0.98
200 5.83E-07 5.93E-07 0.98

Continued on next page
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Table A.1 — Continued from previous page

Energy (keV) Maximum geometry Minimum geometry Maximum/minimum geometry

300 5.05E-07 5.13E-07 0.98
400 4.25E-07 4.32E-07 0.99
600 3.39E-07 3.44E-07 0.98
800 2.92E-07 2.96E-07 0.99
1000 2.64E-07 2.68E-07 0.99
1173 247E-07 2.50E-07 0.99
1332 2.34E-07 2.38E-07 0.99
1500 2.21E-07 2.24E-07 0.99
2000 1.93E-07 1.96E-07 0.99
2500 1.70E-07 1.72E-07 0.99
3000 1.49E-07 1.51E-07 0.99

Table A.2: Computed efficiency curves for the short iron block originating from stochastically
perturbed models for maximum and minimum geometry dimensions.

Energy (keV) Maximum geometry Minimum geometry Maximum/minimum geometry

45 8.84E-09 9.47E-09 0.93
50 1.27E-08 1.36E-08 0.93
60 2.30E-08 2.45E-08 0.94
70 3.57E-08 3.80E-08 0.94
80 5.06E-08 5.38E-08 0.94
90 6.63E-08 7.05E-08 0.94

Continued on next page
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Table A.2 — Continued from previous page

Energy (keV) Maximum geometry Minimum geometry

Maximum/minimum geometry

100

110

120

150

200

300

400

600

800

1000

1173

1332

1500

2000

2500

3000

8.23E-08

9.76E-08

1.11E-07

1.39E-07

1.50E-07

1.29E-07

1.09E-07

8.67E-08

7.46E-08

6.71E-08

6.27E-08

5.93E-08

5.64E-08

4.94E-08

4.35E-08

3.82E-08

8.76E-08

1.04E-07

1.19E-07

1.48E-07

1.60E-07

1.38E-07

1.16E-07

9.24E-08

7.96E-08

7.16E-08

6.69E-08

6.33E-08

6.02E-08

5.28E-08

4.64E-08

4.08E-08

0.94

0.94

0.94

0.94

0.94

0.94

0.94

0.94

0.94

0.94

0.94

0.94

0.94

0.94

0.94

0.94
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A.2 Activity values for different models

Figure A.1 shows the activity values for optimized perturbed models generated in GURU for
opposite faces 1 and 3 or 2 and 4 for Sc-44 <Ti-44. The contrast for both pair of faces ranges of
[1-10] and [1-200].

The area (purple colour) where the histograms of faces 1 and 3 or 2 and 4 overlap each other
represents the "best" optimized models according to the best knowledge we have of the waste

item.

Sc<Ti-44, energy= 1157 keV, contrast= 1-10, faces 1 and 3
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(a) Activities calculated for Sc-44<Ti-44, the relative source concentration ranges from 1 to 10, and
two opposite faces measured. The purple colour represents the overlapping activities for faces 1 and 3.
For activity values between 2 and 4 Bq/g, the activity ratio for opposite faces is 1, for some calculated
models.
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Sc<Ti-44, energy= 1157 keV, contrast= 1-10, faces 2 and 4
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(b) For the activity contrast ranging from 1 to 10 for Sc-44<Ti-44, activities of faces 2 and 4 do not
intersect.

Sc<Ti-44, energy= 1157 keV, contrast= 1-200, faces 2 and 4
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(c) For the activity ranging around 5 Bg/g with uncertainties given at 1o, we might observe the activity
ratio of faces 2 and 4 close to 1 for Sc-44 <Ti-44 with the contrast [1-200].

Figure A.1: Activity ratios for two opposite faces.
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